Electron Paramagnetic Resonance Study of VO2+, Mn2+ and Cu2+ Ions Doped in Some Single Crystals by Maurya, Bhagwat Prasad
ELECTRON PARAMAGNETIC RESONANCE STUDY 
OF V02+, Mn2+ AND Cu2+ IONS 
DOPED IN SOME SINGLE CRYSTALS 
ABSTRACT 
THESIS 
SUBMITTED FOR THE DEGREE OF 
JBottor of ^dilo^opj^p 
IN 
PHYsrcs 
BY 
BHAGWAT PRASAD MAURYA 
DEPARTMENT OF PHYSICS 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH (INDIA) 
1994 
- i -
ABSTRACT 
In the thesis. the electron parana^ naetic resonance 
Investigations of the following crystals have been carried out; 
i) SodiuB Formate (NaBCOO:VO^* ) 
il) SodltuB Fomate (NaflCOO:MD^^) 
ili) PotassiiM Oxalate Monoperhydrate (KgCgO^.H^OgrMn^"*) 
Iv) FotassiuB Oxalate Monoperhydrate (KgCpO. .H^OgiCu ) 
V) Lithiua Hydrogen Sulphate (LiHSO.:VO^*) 
4 
vi) LithiuB Hydrogen Sulphate (LiHSO.:Cu^^) 
4 
2+ 2+ Wherever, the dopant is VO or Cu , the optica] absorption 
2+ 
spectra have also been studied. Wherever, the dopant is Mn , the 
superposition model analysis (SKI) has been carried out. All 
experimental works have been done at room temperature and 
therefore, the dopcuxts chosen were VO . Mn and Cu ions which 
could give KPR spectra at this temperature. 
Sodium formate crystal was chosen in order to compare the 
results obtained in this crystal with those of formates of 
second group elements (Ca.Sr.Ba ), investigated widely in our 
laboratory. 
2+ In NaHCOO:VO , when the dopant concentration was kept low, 
2+ > 
VO ion was found to replace one of the Na sub.gtitutional sites 
2+ 
and when the dopant concentration was increased, VO ion was 
found to replace Na ion at two substitutional sites. Reason has 
been advanced to explain why one site is more favourable in 
comparison to the other. Spin-Elamiltonian parameters, polar 
ii -
2 2 
angles (O.rp), aolecular bondlnA coofficieuLa (P .£'). Fermi 
contact tern (k). dipolar hyperfine couplinK paraaeter (p) and 
crystal field parameters (D ,D ,D. ) have been evaluated with the 
help of KPH and Optical spectra. 
2^ 2+ 
In NaBCOO:Mn , two substitutional sites for lUbi have been 
found. They are magnetically equivalent but oriented differently. 
2+ + 
When Mn ion substitutes Na ion. there has been some 
rearrangement in the immediate neighbourhood, which has been 
estimated by SPM analysis. 
As far as the values of spln-Hamiltonian parameters and 
other parameters obtained by optical spectroscopy <are concerned. 
there was not found any simple rule to differentiate between the 
values obtained in formates of monovalent cation and those 
obtained in formates of divalent cations. 
2+ EPR spectra of KgCgO-.HpO had been earlier studied with Mn 
2+ 
and Cu ions as the dopants. It was thought to be interesting 
to extend this study to K„C„0.. H„0o and thus assess the effect of 
d A 'k C C 
an additional oxygen ion associated with each molecule. 
2+ In Kj,CpO-. HpO:Mn , two interstitial sites have been found 
and the principal axes of the complexes are directed towards 
+ + 2 ^  K -K (vacancy) direction, in EC^ CoO^  •UoOo:Mn' , two sites have 
<s /: 4 c. c. 
2+ been found, but Mn ion occupies a position in between the two 
nearest K sites and the principal axes are oriented towards 
2+ Mn ~0 direction. The reasons for the observed differences are 
assigned. SPM analysis explains the relaxation effects in the 
- Hi 
2+ 
vicinity of Mn ion. 
2+ In KpUpO-.HpO:Cu , there are two magnetically inequivalent 
2+ 
sites and it has been proved that the Cu " has entered the 
-I-
lattice as an oxalate noiety rather than in a substitutional K 
2+ 2-»-
site. In KpCpO^.HpO„:Cu , there are two sites but Cu occupies 
positlon between two nearest R sites and the principal axes are 
2+ directed towards Cu -0 direction. The reasons for these 
2 
differences are given. Covalency parameters (ot' ). the mixing 
coefficients (c 4 fl) and the Fermi contact term (K) have been 
calculated. 'ITie ground state wave function has been evaluated. 
LiHSO. crystal was chosen because there was no EPR data. No 
XRD was also available, which made it more challenging. 
2+ 2+ 
In LiHSO^:VO , two VO sites were found. They were found 
to occupy tetrahedral voids (120° inclined to each other). The 
amgular variation of the spectra suggests that the LIBSO^ might 
belong to hexagonal close-packed crystal structure. Data Iron EPR 
and optical spectra were combined to estimate spin-Hamlltonian 
parameters amd other parameters. 
2-» 
EPR spectra of LiHSO.:Cu was very interesting and unusual. 
It extended from near zero field region to g :^: 2 region. It could 
be tentatively interpreted as arising due to S - 2 system 
obtained by super-exchange among four copper ions mediated by 
intervening oxygen ions. Such spectra have been observed recently 
by us in many other systems. There are earlier references also to 
2+ 
the spectra of S = 2 system. The optical spectrum of LiHSO,:Cu 4 
- iv 
is also unusual and five absorption signals are observed in the 
region 23000 cat to 35000 CM instead of usual three signals in 
the region 70000 cn'^ to 100000 cm" . More work in this ayaleaa is 
planned in our laboratory. 
The present thesis has been divided into six chapters. The 
first chapter gives a brief out-line of the phen<3Denon of EPR, a 
short description of the experimental set up and theories related 
to VO ,Mn & Cu ions, since these dopants have been used in 
the studies carried out in this thesis. In the second chapter, 
2+ ifiPR and optical absorption studies on NaflCOO:VO is presented. 
In third chapter. EPH and SPM analysis of NaHCOO:Mn^* is given. 
Fourth chapter includes EPR and BPM investigations on 
*^2^2^4'^2^2'*^^*' ^ifth chapter presents EPR study of 
2+ K„CpO..UgOg:Cu single crystal. In sixth chapter, KPR and 
optical absorption studies of LiHSO^:VO^^ and LiHSO^ '-Cu^ * are 
described. 
In all the cases, the crystals have been grown by slow 
evaporation of the aqueous solution of the compoujnds in which a 
little cunouut of the dopant is added. The KPR spectrometer used 
is JKC-RE2X .JEOL (JAPAN) with 100 KHz field modulation. The 
optica] absorption spectra have been recorded on CIBA-CORNIG 2800 
DV visible spectrophotometer. The results of our investigations 
have been published in various journals, a list of publications 
is given at the end of the thesis. 
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PREFACE 
Electron paramagnetic resonance (fiPR) is a very powerful 
probe to researchers which finds a wide scope of applications in 
the fields of physics, chemistry, biochemistry, biology, etc. In 
the physics, the EPR investigations are mainly focussed on the 
studies of the bond strength, symmetry of crj'stalllne field, 
lattice defect and structure of paramagnetic ion doped in 
diamagnebic hosts and study of materials after irradiation. The 
present work deals with the study of 3d-transition elements doped 
in various diamagnetic hosts. 
In this thesis, the electron paramagnetic resonance 
investigations of the following crystals have been carried out; 
i) Sodium Formate (NaHCOO:VO^*) 
ii) Sodium Formate (NaUCOO:Mn^^) 
2+ ill) Potassium Oxalate Monoperhydrate (Kj^ CpO..HpO„,:Mn ) 
2+ iv ) Potassium Oxalate Honoperhydrate (K,-,CpO. .H„0„:Cu ) 
v> Lithium Hydrogen Sulphate (LiHSO^:VO^^) 
vi) Lithium Hydrogen Sulphate (LiHSO^:Cu^^) 
2+ 2+ Wherever, the dopant is VO or Cu , the optical absorption 
2+ 
sp>ectra have also been studied. Wherever, the dopant is Mn" , the 
superposition model analysis (SPM) has been carried out. All 
experimental works have been done at room te;mperature and 
therefore, the dopants chosen were VO , Mn and Cu ions which 
could give EPR spectra at this temperature. 
iv 
SodiujD fomabe crystal was chosen in order to oonrparc Lbe 
results obtained in this crystal with those of fomates of 
second group elenents (Ca.Sr.Ba ), investigated widely in our 
laboratory. 
2+ In NaHCOO:VO , when the dopant concentration was kept low, 
VO ion was found to replace one of the Na substitutional sites 
2+ 
and when the dopant concentration was increased, VO ion was 
found to replace Na ion at two substitutional sites. Reason has 
been advanced bo explain why one site is wore favourable in 
comparison to the other. Spin-Hamiltonian pjirameters, polar 
2 2 
angles ((^,'P), uolecular bonding coefficients (ft ,e ). Fermi 
contact tern (k), dipolar hyperfine coupling paraaeter (p) and 
crystal field pariuneters (D ,D ,D, ) have been evaluated with the 
C| S v 
help of EPfi and Optical spectra. 
2+ 2+ 
In NaHCOO:Hn . two substitubional sites for Mn have been 
found. They are magnetically equivalent but oriented differently. 
2+ + 
When Mn ion substitutes Na ion, there has been some 
rearrangement in the immediabe neighbourhood, which has been 
estimated by SPM analysis. 
As far as the values of spln-Hamiltonian parameters and 
other parameters obtained by optical spectroscopy are concerned. 
there was not found any simple rule to differentiate between the 
values obtained in formates of monovalent cation and those 
obtained in formates of divalent cations. 
- V -
2+ KPR spectra of K„C„0. .FloO had been earlier studied with Mn 
C C % £• 
2+ and Cu ions as the dopants. It was thought to be interestinK 
to extend this study to K,.CoO-.HoO„ and thus assess the effect of 
C. C. ^ ^ £. 
an additional oxygen ion associated with each nolecule. 
2+ In Kr>CoO-.HoO:Mn , two interstitial sites have been found 
a.nd the principal axes of the complexes are directed towards 
+ + 2+ 
K -K (vacancy) direction. In KgCgO -. ElgOp: Mn . two sites have 
been found, but Mn ion occupies a position in between the two 
nearest K sites and the principal axes are oriented towards 
2+ Mn -0 direction. The reasons for the observed differences are 
assigned. SPM analysis explains the relaxation effects In the 
2+ 
vicinity of Mn ion. 
2+ In KpCpO-.UpO:Cu , there are two magnetically Inequivalent 
2^ 
sites emd it has been proved that the Cu has entered the 
•f 
lattlce as an oxalate Boiety rather than in a substitutional K 
2+ 2+ 
site. In KpCpO..H^0„:Cu . there are two sites but Cu occupies 
position between two nearest R sites and the principal axes are 
2^ directed towards Cu -0 direction. The reasons for these 
2 
differences are given. Covalency parameters (;<' ). the mixing 
coefficients (o* & fJ) and the Fermi contact term (K) have been 
calculated. The ground state wave function has been evaluated. 
LiHSO. crystal was chosen because there was no EPR data. No 
XKD was also available, which made it more challenging. 
2+ 7^ In LiHSO^:VO . two VO' sites were found. They were found 
to occupy tetrahedral voids (120 inclined to each other). The 
- vl -
angular variation ol the spectra suggests that the LiUSO- might 
belong to hexagonal close-packed crystal structure. Data Iron KPH 
and optical spectra were combined to estimate spin-Hamlltonian 
par<suDebers and other paraiseters. 
2+ 
EPR spectra of LiHSO. :Cu was very interesting and unusual. 
It extended from near zero field region to g ^ ? 2 region. It could 
be tentatively interpreted as arising due to i> = 2 system 
obtained by super exchemge among four copper ions mediated by 
intervening oxygen ions. Such spectra have been obsejrved recently 
by us in many other systems. There are earlier references also to 
2+ the spectra of S = 2 system. The optical spectrum of LiHSO-:Cu 
is also unusual and five absorption signals are observed in the 
region 23000 cm to 36000 cm instead oi usual three signals in 
the region 70000 cm to 100000 cm . More work in this system is 
planned in our laboratory. 
The present thesis has been divided into six chapters. The 
first chapter includes a brief out-line of the phenomenon of EPR, 
a short description ol the experimental set up 2md theories 
'/+ 2+ 2t 
related to VO" .Mn & Cu ions, since these dopants have been 
used in the studies carried out in this thesis. In the second 
chapter, EPR cind optical absorption studies on HaHCOO:VO is 
2+ presented. In third chapter. EPR and SPM analysis of NaHCOO:Mn 
is given. Fourth chapter includes EPR and SPM investigations on 
2+ Vi.n,C,.Oj..U..Or,:Hn' . Fifth chapter presents EPR study of 
^ <' 4 A ii 
2+ KpC,,0.. HpOp - Cu single crystal. In sixth chapter, Ei*R and 
- vii 
optical absorption studies of LIHSO. iVO*^ * antl LIHSO. :Cu^^ are 
4 4 
described. 
In all the cases, the crystals have been srown by slow 
evaporation of the aqueous solution of the compounds in which a 
little amount of the dopant Is added. The EPR spectrometer used 
is JKS-RE2X .JEOL (JAPAN) with 100 KHz field modulation. The 
optical absorption spectra have been recorded on CIBA-CORNIG 2800 
DV -visible spectrophotometer. 
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CHAPTER I 
SECTION (A) 
GENERAL THEORY OF ELECTRON PARAMAGNETIC RESONANCE 
AND THE INSTRUMENT 
SECTION CB) 
THEORIES RELATED TO VANADYL CVO^""). MANGANESE ( M N ^ " " ) AND 
COPPER CCu'^"') IONS IN DIAMAGNETIC HOSTS 
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SECTION (fi) 
1.1 HISTORICAL 
The paramagnetic resonance absorption spectrum Mas obtained 
in 1945 by Zavoisky [1,2] in Russia and shortly later by CummeroM 
& Haliday [3] in U.S.A. and Baggulay & Griffiths [4] in England. 
Since then the phenomenon of paramagnetic resonance has been very 
widely used in fundamental research. 
The main progress in the techniques of measurement came from 
Clarendon laboratory in Oxford by Bleaney, Stevens, Bowers, 
Oven, Baggulay and Orton between 1952 & 1962, which was an 
important and useful period of Electron Paramagnetic Resonance 
(EPR) researches and the subject was extensively explored and 
much of our present day understanding was established then. 
12 ORIGIN OF PARAMAG^TISM 
Paramagnetism occurs whenever a system of charges of 
unpaired electrons has resultant angular momentum which results 
in the presence of permanent magnetic dipoles. This happens 
mostly for atoms or ions containing partly filled electronic 
shell. The resultant angular momentum is partly due to the 
orbital motion and partly due to the intrinsic spin of the 
electrons, with each of which is associated a magnetic dipole 
moment. The requirement of a partly filled electronic shell is 
- 3 -
favourable to the occurence of paramagnetism in compounds or 
crystals containing the transition metal ions. Follotmings are the 
paramagnetic systems that can be used in the studies by EPR. 
i) The group of elements containing 3d, 4d, 4f, 5d and 5f, 6d 
electrons ( iron group, palladium group, rare-earth group, 
platinum group and actinide group) 
ii) Atoms having an odd number of electrons like hydrogen with 
2 
its ground state S ,_. 
1/2 
iii) Molecules such as NO and N0_ having odd nuMber of electrons 
2 
and molecule such as 0 although having an even nu»ber of 
electrons have a ground (triplet) state with a partially 
filled molecular shell, 
iv) Free radicals (compounds) possessing unpaired electrons like 
CH" , diphenyl picryl hydraryl (DPPH). 
v) Colour centres which involve trapped electrons or holes. 
vi) Metals and semi-conductors having unfilled conduction bands, 
vii) Substances which are diamagnetlc, can be exposed to high 
energy radiation [5] or can be subjected to mechanical 
stress [6-9] so that the normal bands are disrupted and 
paramagnetic species are formed. 
- k 
1.3 PRINCIPLE OF ELECTRON PARAMAGNETIC RESONANCE 
Consider a paramagnetic ion which has a nagrtetic KOM«int and 
therefore, its ground state is degenerate. If this paraaagnetic 
ion is placed in a strong static magnetic field, the degeneracy 
is lifted and the energy levels undergo a Zeeman-splitting. 
Application of an oscillating Magnetic field of appropriate 
frequency will induce transitions between the Zeeroan levels and 
in this process the energy is absorbed from the electromagnetic 
field. If the static magnetic field is slowly varied, the 
absorption shows a series of maxima. The plot betwcMin the 
absorption energy and magnetic field is called the electron 
paramagnetic resonance spectrum. The phenomenon itiself is called 
EPR. 
When a free ion with a resultant angular momentum (J) is 
subjected to a static magnetic field (H), then it has 2J+1 energy 
levels and the energies of the various states are given as: 
E = gflH.M (1.1) 
where M = (J, J-1,... .0... ,-J), g is the spectroscoF>ic splitting 
factor and [1 is Bohr magneton. 
If we take a simple case, where S = 1/2 , L = 0 and J = 1/2, 
then multiplicity 2J+1 = 2 or M = ±1/2. 
If an external magnetic field (H) is applied on this system. 
- 5 
in the lower energy state, the electrons ere lined-up eloofl thel 
magnetic field and in the higher energy state, they are lined-up 
opposite to the magnetic field. The energy of the levels are 
proportional to magnetic field strength, i.e., 
^±1/2 = -'^^ ^ ^ ^^'^^ 
If an alternating magnetic field of frequency v is applied 
at right angle to the direction of Magnetic field then 
transitions occur between Zeeman levels, i.e., 
^1/2- ^-X/2 = '"" -- ^^ <^-^> 
The allowed transitions are given by the selection rules 
AM - t 1. Equation (1.3) is called the resonance condition, 
u 
where h is Planck's constant. 
Figure (1.1) shows the splitting of a degenerate electronic 
levels (M = 1 1/2) in a magnetic field. For a multielectronic 
ion, the g-factor can have values distinct from g (free electron 
o 
g-value), on account of inter electronic interactions. Selection 
rules for electronic dipolar transitions AM - ± 1 still hold. 
For technical reasons, the resonance absorption is generally 
observed when the magnetic field (H) is varied keeping the 
frequency (v) fixed. 
Paramagnetic resonance and the development of the crystal 
field theory has immensely helped in the understanding of the 
magnetic properties of the ions of various transition arouos. 
Fig.1.1 - Energ-^ ' lev^4s for S = ^ (free electron) 
in a magnetic field and the resonance 
condition. 
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1.4 CRYSTAL FIELD THEORY 
The crystal field theory assunes that the paranagnetic ion 
resides in a cavity inside a crystalline lattice which 
experiences an electric field from the surrounding atoms, point 
charges (ions) or dipoles (e.g., H O molecules). Interaction with 
this, additional potential sources are thus added to the 
Hamiltonian of the free ion in order to ascertain the new energy 
states. 
In order to explain the effect of crystalline field, the 
normal concepts of vector coupling among the quantum numbers are 
supposed to hold good. Thus the total orbital quantum number (L) 
compounds with the total spin quantum number (S) to produce a 
resultant J and degeneracy of the corresponding level will be 
2J+1 fold in the absence of any field. If the crystalline field 
acts on the paramagnetic ion, spatial quantization will take 
place about this direction and the degeneracy of the level will 
be removed. This quantization of ion is classified in three 
catagories for theoretical calculations. 
1,4 (i) WEAK CRYSTALLINE FIELD 
If the crystalline field is weaker than the spin-orbit 
interaction then L & S are coupled and precess about the 
resultant J. The vector of the total angular quantum number (J) 
will thus precess about the direction of the crystalline field 
- 8 
and the energy levels will be split into components corrssponding 
to different values of the projection of J along the quantization 
direction, i.e., M . This situation occurs in the rare-earth and 
certain actinide compounds, where the unpaired electrons are some 
what shielded from the direct effect of the crystalline field and 
the L-S coupling is not broken. 
1.4- (H) INTERMEDIATE CRYSTALLINE FIELD 
If the crystalline field is quite strong with resp>ect to 
spin-orbit coupling, then L-S coupling breaks up. Therefore, each 
one of them, i.e.,L & S precess about the direction of 
crystalline field separately and J is no longer defined. The 
quantum number defining the different energy levels will now be 
M and M . It is usually found that the splitting produced 
L S 
between the defferent M levels by such a field is very large 
(about 10 cm ) and hence only the lowest level is populated at 
ordinary temperatures. This is usually referred as "Quenching of 
the orbital levels" and occurs in nearly all the iron-group 
transition metal elements, where the unpaired electrons are more 
directly affected by the crystalline field. Figure (1.2) shows 
2+ 
the effect of the crystalline field in Cu ion. 
1.4- (ill) STRONG CRYSTALLINE FELD 
If the L-S coupling is very small in coaparison to 
crystalline field then L-S coupling breaks down.The orbital 
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Fig.1.2 - Splittin", of the free ion ground state of Cu under 
the action of crvstalline fields. 
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motion is again quenched and the spins tend to pair off according 
to exclusion principle. The effect seen is corresponding to the 
odd electron spin left over. This kind of interaction is usually 
produced in 4d and 5d transition groups and also in 3d transition 
group if there is considerable amount of covalent bonding due to 
which the orbitals of paramagnetic ion and neighbouring ligands 
overlap appreciably, e.g., the ligand ions are CM , 
1.5 SPIN-HAMILTONIAN 
The unpaired electron is not isolated or free, but 
frequently, iteracts with a varity of nuclei an<d electrons in 
various degrees and hence the magnetic field (H) in equation (1.3) 
becomes the sum of various components. The state of affairs may 
be expressed from the quantum mechanical point of view in terms 
of a Hamiltonian. The general theory of paramagnetic resonance in 
crystal was given by Abragam and Pryce [10] initially and 
numerous other subsequently, who described the different factors 
which contribute to total energy of the ion by the following 
Hamiltonian [11,12], 
/{ = / / + / / + / / + / / -^H+H^H+H-i-M ( 1 .4 ) 
0 c r s-o s -s z hf q n e 
where, 
W = free ion energy (i: 10 cm ) 
H - electrostatic energy (2; 10 cm ) 
cr 
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2 3 - 1 H = spin-orbit interaction energy (2: 10 -10 cm ) 
»-o 
iV = spin-spin interaction energy (^  1 cm ) 
H - interaction of electron with the external field or Zeeman 
z 
energy = (IHCL+ZS) (2; 1 cm ) 
//. . = dip>ole-clipole interaction beti^en the electron and nuclear hf 
-1 -3 -1^ 
magnetic moments (^  10 -10 cm ) 
H - quadrupole interaction between electron and nucleus 
-3 -1^ 
(2r 10 cm ) 
H = nuclear Zeeman energy g U H.I (2: 10 cai ) 
n n'^ n 
H - energy of exchange effects between electrons which is 
quite variable. 
Calculations with the total Haniltonian are very difficult. 
Using some assumptions [10,13], a simplified Hamiltonian May be 
derived formally from the theoretical Hamiltonian (equation 1.4). 
A general description of each term in a spin-hamiltonian is given 
by Bowers & Oven [14] and by Abragam & Bleaney [15]. 
The spin-Hamiltonian can be written as [16,17] (neglecting 
the nuclear Zeeman interaction): 
^ n n 
H - P^g.S.H + ) B_ 0_ + S.A.I + I.Q.I (1.5) 
where the first term is the electronic Zeeman interaction, second 
m 
term is the effect of the crystal field on the spin state. 0 are 
n 
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various operators of the total elactronic spin and B are ZFS 
n 
parameters. The third tern is the interaction of electron spin 
Mith nuclear spin. The fourth tern is the nuclear quadrupole 
n interaction. The equation relating B with other notations depend 
n 
on the choice of axes and this nust be s|>ecified if the 
experimental parameters are to be correctly compared with 
theoretical estimates. In most of the reports, the EPR results 
have been expressed in the conventional form of the spin-
Hamiltonian parameters i.e., b = D, b = 3E, b = 1/2.a + 1/3.F, 
b^ = 5/2.a. 
4 
15 0) EFFECTIVE SPIN AND THE SPECTROSCOPIC SPLITTIIV«5 FACTOR 'O' 
In EPR, we are concerned with transitions between levels 
split at most by a few cm . Hence we are iwnediataly interested 
only in groups of levels that are degenerate ( or nearly so) in 
zero magnetic field and a suitable method is needed to represent 
the behaviour of such a group of levels when a magnetic field is 
applied to the system. A convenient method has been evolved which 
•Ml* 
uses the concept of an "effective spin" S, which is fictitious 
angular momentum such that the degeneracy of the group of levels 
involved is set equal to (2S +1). For example, an isolated Kramer 
doublet with just two levels is assigned an effective spin S = 
1/2. This concept of an "effective spin" is useful because it is 
possible to set up an 'effective spin- Hamiltonian* that gives a 
- 13 -
correct description of the behaviour of the group of levels «s 
concise as those for, a free atoa or ion. If the observed 
spectrum does not conform to the spin- Haniltonian that has been 
assumed, other forms can be tried empirically until a fit is 
obtained. In terns of the "effective spin**, the electronic Zeeman 
interaction is given by 
• * 
- * • " 
H - gflH.S ( 1 . 6 ) 
This has (2S -fl) s t a t e s , which , again by analogy, we label 
by means of a magnetic quantum number YT. The expression for 
encirgies are given by 
E„^ = gI><M; ( 1 . 7 ) 
and quantum number of energy required for an allowed transition 
of the type im'l - ±1 is 
^y = g(>< (1.8) 
giving a resonance condition sinilar to equation (1.3). 
The form of equation (1.6) presupposes that the Zeeman 
interaction depends only on the angle between the effective spin 
vector S and the magnetic field (H). In practice. The Zeeaian 
interaction depends also on the angle that H makes with certain 
axes defined by the local symmetry of the magnetic complex. A 
more general form, which takes into account anisatropy of this 
kind is 
- lA -
H = nCH.g.S) (1.9) 
which is written in expanded forn «s-
W = nfg H 
^^  X X X 
S +g HS -t^ g HS +g HS 4g HS * g H8 
X yy y y zz z z xy x y yx y X yz y z 
H S 1 
: X z) + g H S + g H S + g  ( 1 . 1 0 ) zy z y zx z X xz -
In the majority of cases (except conplexes with rather low 
symffletry) the quantities g = g > etc., and the cross terns can 
xy yx 
thus be eliminated by appropriate choice of the x, y, z axes 
(known as "principal axes") which yield simpler form. 
H - Pjg HS +g HS +g H s | (1-11) 
^^  XX X X yy y y zz z zj 
If the magnetic field (H) is applied in a direction with 
direction cosines (1, m, n) with respect to these principal axes, 
the energy levels are given by an equation of the form (1.7), 
with a value of g given by the following relation,. 
2 , 2 2 2 2 . 2 2 . . , , „ x g = l g + m g + n g ( 1 - 1 2 ) XX yy zz 
In the case when the complex has cubic symmetry, it follows 
necessarily that g = g = g , so that the Zeeman interaction 
XX yy zz 
has the same Hamiltonian as far a free magnetic dipole. In the 
case of axial symmetry, it follows the g = g =- g ; g = 9M 
XX yy -L zz H 
and the equation (1.12) reduces to 
2 2 2 2 2 
g = g.. cos 0 + g sin 6 (1.13) 
where B is the angle between the magnetic field (H) and the 
z-axis. 
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A detailed examination of g-value indicates that the 
experimental observations do not match completely with 
theoretical predictions based on the static crystalline field 
approximation. In particular, it is found that spin-orbit 
interaction in the crystal differs from those obtained for free 
ion. This is due to the fact that the point charge or point 
dipole approximation of the ligand ions is not strictly valid, 
and the overlap of the wave functions of the ligand ions with 
that of the paramagnetic ion must be taken into account. The 
magnitude of the orbital part of the magnetic moment depends on 
the crystal field and is usually different for different 
-* 
directions of H and shows an angular variation which follows the 
symmetry of the crystal field. Therefore, the g-value may be 
anisotropic by an amount which depends on the magnitude of the 
orbital contribution. 
1.5 (ii) ZERO-FIELD SPLITTING (FINE STRUCTURE) 
When paramagnetic ion is placed in a crystalline field, the 
degeneracy of the orbitals will be removed by the electrostatic 
interactions. The spin degeneracy will remain until a magnetic 
field is applied. When the species contain more than one unpaired 
electron, the spin degeneracy can also be removed by crystal 
field. Thus the spin levels may be split even in the absence of a 
magnetic field. This splitting is called Zero-field splitting. 
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The theoretical explanation of Zero-field splitting of 
S-state ion was given by various authors [18-22], Zero-field 
2+ 2+ 2+ 
splitting is generally observed in Ni , Mn and Fe [23-25]. 
The spectra of oriented systems of total spin greater than 
one half (S>l/2) often show unequal separation and intensity 
betMeen the (2S+1) Zeeman levels. This structure is called fine 
structure. The transitions between the Zeeman levels are neither 
equally spaced nor of the equal intensity and their relative 
position will depend on the orientation of the crystal in the 
magnetic field. This is because the crystalline fields are 
essesntially anisotropic in nature being governed by the symmetry 
of the crystal. Thus the separation between transitions is a 
direct reflection of the separation produced in zero magnetic 
field by the electrostatic internal fields, and can therefore, be 
used as a measure of this quantity. In the spin-Hamiltonian, this 
V m m 
term is represented by )B 0 . The intensity of the fine 
L n n 
structure lines is proportional to S(S+1)-M (M -1)„ where S is 
s s 
the spin of the ion and M is greater value of M for levels 
s s 
between which the resonance t r a n s i t i o n i s t ak i ng p lace . 
1.5 Ciiii) HYPERFINE AND SUPER HYPERFINE STRUCTURES 
If the nucleus of the paramagnetic ion has magnetic moment 
p , there is a magnetic interaction between U and the electronic 
n n 
magnetic moment fi of energy 
17 -
-3 
E = a | i p r (1.14) 
-> 
Mhere r is the radius of the electron orbit and C( is a factor 
Mith value usually between 0 & 1, which depends on the ground 
state wave function. Putting U = Ig H (where I = nuclear spin, 
n n n 
g = nuclear g-value, H - nuclear nagneton) and U = 2(3 S. This 
n n "^s ' e 
interaction energy can be written as 
.^. = (2ag [3 (3 r'^).S.I = A.S.I (1.15) 
n n n e 
where, A is called hyperfine coupling constant. 
Since the nucleus has (21-t^ l) orientations, each electronic 
energy level is sub divided into (21+1) components which are 
approximately equidistant. The hyperfine structure spacing can be 
described by three principal values A , A ai->d A of the 
X y z 
hyperfine interaction constant A. 
The value of hyperfine interaction constant A gives idea 
about the effect of covalency of the paramagnetic ion with the 
ligands. For example. Title [26] have studied the paramagnetic 
2+ 
resonance of Mn ion in a variety of host lattices and have 
observed that hyperfine interaction constant A decreases linearly 
with the increase of covalency. 
There may be additional hyperfine structure due to the 
interaction between the electrons and the surrounding ligand's 
nuclei called super hyperfine structure. The effect was first 
observed by Owen and Stevens [27] and subsequently for a number 
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of transition metal ions by several other workers [28-32] in 
various host lattices. 
1.5 CIV) QUADRUPOLE STRUCTURE AND FORBDDEN TRANSITIONS 
Quadrupole interaction term, which often contributes to the 
hyperfine structure, is I.Q.I (equation 1.5). Q is the 
quadrupole interaction constant. 
The effect of the quadrupole interaction on the EPR sp«ctrun 
is usually complicated because it is accompanied by a large 
magnetic hyperfine interaction, so that there is a competetion 
between the electric field gradient and magnetic field from the 
unpaired electrons in fixing the orientations of the nucleus. The 
result is that, for a general direction of H, the intensities 
and spacings of the usual (21+1) hyperfine lines corresponding to 
trans^ ition with Am = 0 are modified by quadrupole interaction. 
In EPR spectra of paramagnetic ions which have hyperfine 
structure, a number of extra hyperfine lines have often been 
observed which appear to correspond to transitions in which the 
nuclear magnetic quantum number changes by Am = ±1, ±2 and are 
called forbidden transitions. These transitions were first 
reported by Bleaney and Ingram [33] and subsequently, many 
studies have been carried out by several other researchers [34]. 
Generally these transitions appear, when the external magnetic 
field (H) is off from the crystal field axes and are inexplicably 
- 19 ' 
large in intensity [35]. 
1.6 RELAXATION 
Let us consider a simple case of S = 1/2, the population of 
the levels with M - ±1/2 are determined by the Boltz»ann 
s (w ~w )/K T distribution under thermal equilibrium, i.e.,N /N = e 2 2 B 1 2 
= e B , where K i s the Boltzmann c o n s t a n t , N and N are the 
B 1 2 
populations of electrons of lower and upper levels. Under the 
thermal equilibrium N >N^, however, N -N^ is very small. The 
1 2 1 2 
phenomenon of EPR absorption depends on this difference. The 
probability of transitions from lower level to upper level equals 
that for transitions from upper level to lower level. Because 
N >N , it results in an access of upward transitiorts and a net 1 2 
absorption of energy from the microwave field. However, this 
leads to an increase in N^ which will continue untill N = N and 
2 1 2 
net absorption of energy will tend to zero. This situation does 
not occur, it means that there must be other mechanisms by means 
of which energy absorbed and stored in the upper level can be 
dissipated in such a manner as to allow the lower level to 
maintain the population difference. Such mechanisms are called 
relaxation processes. There are two types of relaxation process, 
the spin-lattice relaxation and spin-spin relaxation. 
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1.6 (i) SPIN-LATTICE RELAXATION 
The process in which the energy flows from spin systsn to 
the lattice is called spin-lattice relaxation. Mechanisms 
suggested are a) Direct process b) Raman process c) Orbach 
process. 
i.a) Direct Process: 
In the direct process for the two level system, relaxation 
occurs through transfer of energy from a single spin to a single 
vibrational mode of the crystal lattice which has essentially the 
same frequency [36]. When relaxation is by the direct process, T 
2 
a l/H T ( where T is the spin-lattice relaxation tiifte) [37] and 
is not dependent of the spin concentration [36]. Therefore, the 
temperature and magnetic field can serve as variables either for 
steady or for the control of T . Actually, the direct process is 
0 
important only at low temperatures, e.g., below about 4 K. 
i.b) Raman or Indirect Process: 
At high temperatures, the Raman or indirect process 
predominates. Here a phonon is in elastically scattered in the 
process and is strongly temf>erature dependent with T a 1/T for 
2 
T<0, and T a 1/T for T>0, where 6 is the Debye temperature 
[38]. Experimental results are in fair agreement with theory at 
higher temperatures but not at low temperature where the direct 
process is important. 
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l.c) Orbach Process: 
In the orbach process, there are two transitions one after 
the other which occur via an intermediate state. Wlten electron is 
trasferred from a level i to J in the ground manifold of states 
by absorbing energy equal to hV; then by stimulated transition, 
it goes to a level p which is higher in energy than j by an 
amount 6. Spontaneous transition takes place from level p to i 
which releases a phonon of energy ((3+hi-')- The relaxation rate is 
given by 1/T a e B . This relaxation process is active in the 
case of rare-earth impurities in crystal lattices. 
1.6 (ii) SPIN-SPIN RELAXATION 
The process in which the spin exchange energy among them 
selves is called spin-spin relaxation. This interaction produces 
a broadening of the energy level by the mutual esffect of one 
paramagnetic ion on another. Each such ion may be regarded as a 
magnetic dipole which will be processing in the applied magnetic 
field. Its components in the direction of the ficjld will have 
steady value and this will produce an extra magnetic field at the 
neighbouring paramagnetic ions which alters the total field value 
slightly and thus shifts the energy levels. It can be seen that 
this effect will vary markedly with angle of the applied field 
and the contribution of each neighbouring dipole will have an 
2 
angular dependence of the form ( 1-3 Cos 6), where the 6 is the 
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angle between the lines joining the dipoles and the direction of 
the applied magnetic field. The rotating conponent of the 
precession will also cause a broadening as it interacts with 
other spins of the same Larmor frequency and induces transition, 
thus decreasing the normal life time of the energy state. Van 
Vleck [39], Pryce and Stevens [40] have advanced the theory of 
spin-spin interactions and derived an expression for the mean 
square width of a line. 
1.7 EXCHANGE INTERACTION 
The general treatment of the exchange interaction was given 
by Dirac [41] showing that the coulomb interactions between 
electrons can be replaced(when all spin-orbit couplings are 
neglected) by an interactions between their spins of the form 
1 -» -• 
7J(l+4 S,.S_). The constant term is usually neglected as of no 
4 1 2 
interest and the value of J depends on the overlap of the orbital 
wave functions. The custom is to assume that the interaction is J 
5 .S where S and S refer to the actual spins of the ions, 
which are not necessarily 1/2. This interaction is normally 
considered to be isotropic. For deeper uderstanding, it may 
however, be noted that the value of J will depend not only on the 
separation but also on the orientations of the spins, because, in 
the crystal field, the charge densities are not spherically 
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symmtstric, and this leads to, what is called anisotropic 
exchange". However, for the most part in th«i paramagnetic 
resonance, the exchange has usually been assumed to be purely 
isotropic [13]. 
1.8 SCOPE OF EPR 
Initially, EPR was almost exclusively the domain of the 
physicist, who studied the behaviuor of spin in well ordered 
system, i.e., usually, single crystals of metal, semi-conductors 
or dielectrics, glasses and some times gasses. In these systems, 
the unpaired electrons of the metal ions of the impurities or 
disrrupted radicals are detected by knowing the fine structure, 
hyperfine structure etc. The ground state wave function of these 
ions can be constructed with the help of the EPR analysis. 
Soon-after, EPR provided valuable information about colour 
centres, which helped to formulate the models for t^ iese centres. 
Chemist were next in applying EPR on a wide scale, 
particularly in the study of organic radicals [11,42-45]. These 
radicals appear in many important reactions involved in 
electrochemistry, photochemistry, radiochemistry, polymerchemis-
try and pyrolysis. Other paramagnetic species of principal 
concern to the chemists, are stable radicals, ions, solvated 
electrons and triplet state molecules. EPR allowed the chemist to 
follow the radicals in reaction without interfering with 
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reaction, to measure yields in photolysis and radiolysis 
experiments, to determine the extent of electron delocalization 
in radicals and ions and frequently to identify the paramagnetic 
species. 
Biology is another discipline with a rapidly developing 
interest in EPR. Enzyme subtrate reactions are another popular 
though difficult area for EPR research. With living cell the 
nondestructive feature of EPR is particularly attractive. For 
example, photochemical studies have been performed on living 
plant cells and bacteria. Commoner et al.,[46] reported the first 
evidence of EPR signals in frozen, dried tissues and suggested 
that free radicals were associated with metabolic activity. 
1.9 EPR SPECTROMETER * 
The EPR spectrometer has the following essential features: 
13 a homogeneous but variable magnetic field, 
ii) a source of microwave radiation of constant frequency and 
variable amplitude and a device to impinge microwave power 
of the sample, 
ill) a means of detecting and measuring the power absorbed by the 
paramagnetic sample from the microwave field, 
iv) a device for display or recording of the spectra. 
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The general principle of the working of EPR spectrometer is 
shown in fig.(1.3). The description of the EPR spectrometer is 
based on the JES-RE2X (JEOL) X-band ESR spectroineter as 
the present study is carried out using this set up. A detailed 
instrumental set up is shown in fig.(1.4) and main components are 
described below: 
frequency 
frequency stability 
sensitivity 
8.8-9.6 GHz 
-6 
1x10 
14 1.0x10 /T (with 100 kHz magnetic field 
modulation) 
resolution 47 mG can be resolved with a 5 mm sample 
tube at 100 kHz modulation 
microwave out put 0.1 fiW -200 mM variable (minimum 0.001 
cavity mode 
detection method 
magnetic field-
modulation 
pw, optior\al) 
TE^.., cylindrical Oil 
homodyne crystal detection 
0.0002 - 2 mT (100 kHz) 
0.0002 - 1 mT (50 kHz) 
0.0002 - 0.2 mT (25 kHz) 
magnetic field- direct read-out and linear field sweep 
sweep method 
magnetic field- single sweep, repeative sw^ Bep, external 
sweep mode input sweep 
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magnetic fiold- 35 steps of O, 1, 1.5, 2.5, 4, 5, 7.5 
sweep width xO.Ol, 0.1, 1, 10, 100 
magnetic field- 0.5, 1, 2, 4, 8, 16, 32, 64, 128'/ 360 
sweep time mm ( when observed on recorder and 
oscilloscope only) 
recorder 
mode 
chart width 
DYT. type 
selectable from eunong DY, DYT, YT. 
DY: 250(W) -360(L) mm 
DYT: DY's width xl.5,2 & 3 
YT: 0.5,l,2,4,8,16,32,64,128V360wi 
oscilloscope 228 mm persistance type 
magnetic field interval 62 mm 
(at the center) 
power fluctuation ±5 5: 10 / ±5% AC power fluctuation 
magn(3tic field residual magnetic field-1300 nT(tap 44 
variable range 
magnetic field 
mm:1700 mT) 
Is % 10 / effective sample volume at 
homogeneity 330mT 
main coil low impedenee cooling type. 
1.10 EXPERIMENTAL DETAILS 
In the present thesis, all the single crystals were grown by 
the slow evaporation method. Different impurities were introduced 
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into the host lattices by adding a small amount of the dopants. 
The details of the crystal growth are given in the individual 
studies. 
For actual recording of the EPR spectrum of a crystal, it is 
mounted at the end of a quartz rod and is placed at the center of 
the cavity resonator. Electromagnet produces « wide range of 
magnetic field (H). The sample is subjected to a microwave 
magnetic field of constant frequency which is perpendicular to H. 
The magnitude of H is changed by varying the electromagnet 
excitation current and when the resonance condition is fulfilled, 
a part of the microwave energy is absorbed by the sample, with 
the result, that the cavity resonator Q-value changes. This Q-
value variation is detected, amplified and recorded. 
SECTION CB) 
In this section, we shall present the theory related to the 
2+ 2+ 2+ 
EPR of VO , Mn and Cu ions because these are the three ions, 
which have been used as dopants in all the systems presented 
here. 
1.11 THEORY RELATED TO VO^^ ION 
1.11 (I.) ELECTRONIC STRUCTURE 
Chemical properties (electronic, molecular and magnetic) of 
2+ ^. 
VO ion has been reviewed by Selbin [47]. VO ion may be 
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4+ 
formulated as containing V ion with an •Isctronic structure 
18 1 2~ 2+ 
(Ar) 3d and a closed shell oxide, 0 ion. Thus VO contains 
a single unpaired electron attached to the V ion and has the 
1 2+ 
electronic configuration 3d . VO ion has always co-ordinated to 
other groups both in the solid state and in solution, bringing 
the total coordination number of vanadium to five or six. In most 
2+ 
of the reports, the complexes containing the VO ion have a 
characteristic of blue or purple colour. 
2+ 
1.11 Cii) EFFECT OF CRYSTALLINE FELD ON d-ORBiT OF VO ION 
2+ 
VO ion has orbital quantum number, i.e., 1 = 2 and the 
2+ 
total degeneracy is (21+1), i.e.,five. When VO ion is placed in 
a crystalline field of octahedral or tetrahedral symmetry, the 
degeneracy is partly lifted into three fold deger>erate orbital as 
t„ (d , d , d ) and the two fold degenerate ones as e 2g xy xz yz g 
(d 2 2, d 2). When the crystal field symmetry is lower than 
X -y z 
cubic the orbital degeneracy of both t and e orbitals can be 
2g g 
further partly or completely lifted as shown in figure (1.5). The 
parameters D and D show specifically the degree of 
tetragonality present in the field [48]. The predicted 
2 2 2 2 
transitions are B„ > E , B. and A. . 
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11.1 Cm) MOLECULAR ORBITAL THEORY AND MAGNETIC PROPERITIES 
OF VO^* ION 
Ballhausen and Gray [49] proposed a nolecular orbital 
picture by considering both the ci- and n-bonds between vanadium 
2+ 
and oxygen. The molecular structure of VO(H_0) in VOSO -SH^O 
2 5 4 2 
lattice is shown in fig.(1.6). As shown in table (1.1), a very 
strong a-bond will be formed between the (2p +2s) hybrid of the 
oxygen and the (3d 2 + 4s) hybrid of the vanadium ion. Since 
furthermore, the 2p and 2p orbitals on the oxygen will make a 
X y 
strong n-bond with the 3d , 3d orbitals on the metal ion, we 
xz yz 
2+ 
need not wonder why VO is such a stable complex. The (3d 2 -4s) 
hybrid, together with the orbitals 3d 2 2 and 4p 4p and 4p 
X -y ^x, ^y z 
are then just capable of five cr-bonds directed in a tetragonal 
4+ 
pyramid with the V located at its base. 
2+ 
The molecular orbital picture for VO(H 0) is shown in 
fig.(1.7). There are 17 electrons to be placed in the molecular 
orbitals. The unpaired electron lies in the non-bonding b 
2+ 
vanadium orbital (3d ). In VO(H„0)^ in C, symmetry, the a-
xy 2 5 4v ' '* 
orbitals from the water ligands transform as 2a , b and e. The 
vanadium orbitals transform as 3d (a,, b , b and e), 4p (a ,e) 
and 4s (a ). The transformation scheme for metal and ligand 
orbitals in C symmetry is given in table (1.1). 4v 
— Oxygen 
Fig.1.6 - Structure of the VO(H^O)r iiolecular ion, 
o 
5 0 
E 
u 
<^_ 100 
o 
UJ 
150 
Vanadium 
orbi tals 
icr 
Molecular 
orbi tals 
Oxygen 
orbi ta ls 
(b-Bonding, n-Non-Bonding, M - Anti-Bonding) 
2 + Fig.1.7 - Molecular orbital Scheme for the V0(H20)'^"' ion 
35 
As seen from the fig. (1.7), the energy level order obtained 
b <e <b <la ( represents antibonding nature of the orbitals) is 
2 rr 1 
the same as given by the crystal field model (see fig.1.5). 
* * 2 
Because of the proximity of the e and b level to the B state 
ir 1 2g 
(b orbital), g and A are anisotropic. The relations for 
anisotropy of g and A values alongwith the molecular orbital 
constants are given in the chapter II. 
TABLE (1.1) Transformation scheme for the metal and ligand 
2+ 
orbitals of VO(H 0)^ in C symmetry. 
2 5 4v 
Representation Metal orbital ligand orbital 
a, 3d 2 + 4 s D^ 1 z 5 
i (a^ + °2 -^  °3 ^ °4^ 
"5 ( ^ ^ ' ^Py> 
T - (ff - d ) 
72 W 3^ 
-7 - ( a - ij ) 
b, 3d 2 2 - (£1, - a + tl , - ff J 
1 x - y 2 1 2 3 4 
b^ 3d 
2 xy 
z 
4s -
4P^ 
^^xz = 
% • 
 
3d 2 
z 
; 3d 
% 
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l l i (IV) SPIN-HAMJLTONIAN AND DETERMINATION OF PRINC I^PAL 
g AND A VALUES 
2 
The unpaired electron is in the orbital singlat state B_ 
2g 
in vanadyl ion complexes. This spin doublet splits on the 
application of a magnetic field and paramagnetic resonance 
absorption can be observed between these two levels. The resonacs 
spectra can be described by a spin-Hamiltonian of the form [15]. 
Y ^ ~ _» -» ~ -» 
^ = P )H..g...S. + S..A...I. (1.16) 
/ 1 11 1 1 11 1 
i=x,y,z 
where, x, y, and z are the principal axes of symmetric second 
rank tensors of g and A. 
In general case, where g and A are not required to be 
axially symmetric and their axes are not required to be parallel, 
the eigen values of energy [50] are 
1/2 
E^ = PgHM + (mM h/g)(H.g.A.A.g.H) + second order terms (1.17) 
n s s 
s 
^1^ 
where, g = (H.g.g.H) and H is unit vector parallel to the 
applied magnetic field. 
The observed transitions, which obey the selection rule AM 
= ll and are given by: 
hi-' = (IgH + (mh/g)(H.g.A.A.g.H) + second order terms (1.18) 
Vanadium has nuclear spin I = 7/2. Therefore, there are 
eight hyperfine transitions corresponding to the values of m from 
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-7/2 to +7/2 as shown in fig. (1.8) and by assuming that g is 
scalar and A is axially symmetric in this case, equation (1.18) 
reduces to 
H = H - K 
m 4H o L 
("<'* * ' ) 
K g 
(l(I+l) - m^) 
n 
8H" o L 
•,2 
(1.19) 
where H = —=, v be ing the microMave resonant frec)uency, 
2 2 2 2 2 ^ 2 2 2 2 2 2 2 
g = gycos 6 + 9,sin 6, ICg - A,,g,,cos 6 + A g sin 6 and 
H J. II II X J. 7 
2 
.4-- , d being the angle between the axial symmetry axis 
of A and the magnetic field H. Thus the g value may be calculated 
for any orientation of the magnetic field if H(-7/2) and H(+7/2) 
p>osition are known; and finally, the elements of g.g tensor could 
be determined by adopting the procedure given by Schonland [51] 
or that by Farah and Poole [52]. The diagonalization of the 
matrix g.g gives the principal values and direction cosines of 
2+ the g- tensor. From the first order approximation for VO , we 
have; 
g[H(m = -7/2) - H(m = +7/2)]/7 = (H.g.g.H) 1/2 (1-20) 
Plotting the angular variation of the values of the left 
side of the equation (1.20) in the three mutually perpendicular 
planes using the procedure similar to that for g.g, the elements 
n = + l / 2 
S=V2 
l-^ = - l / 2 
— + 7/2 
^ +5/2 
^ + V^  
- - +1/2 
— M/2 
— -V2 
— -5/2 
— -7/2 
- 7 2 
-3/2 
-3/2 
-1/2 
^1/2 
• +3/2 
-.7/2 
F i g . 1.8 - HvperCine s p l i t t i n g \. ' ith S = 1/2 and I = 7/2 
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A.> ^t* **,» «H* 
of the tensor g.A.A.g are determined. On diagonalization, the 
matrix A.A gives the principal values and the direction cosines 
of the tensor A. 
For finding the principal values of g- arKi A-ten»ors, we 
have used the method of Waller and Roger's Mhich will be 
described below in detail. 
11.1 Cv) WALLER AND ROGER'S METHOD 
The general method for determination of axial parameters for 
g-tensors have been given by Waller and Roger's [53]. They have 
considered many cases, each of which corresponds to a different 
set of experimental data including g-values from the measurements 
on single crystals, polycrystalline powders or solutions. Some of 
thern are illustrated here; 
a) rotation about two axes. 
b) one rotation and value of g,, or g or g 
1  ± ave 
c) one rotation and the g value from an arbitrary rotation. 
d) two g values and g. and g . 
e) three g values and g,, or g or g 
It ± ave 
f) four g values. 
The fourth method, i.e., using two g values and g. and g is 
fully described below. The values of g.. and g are determined 
from the powdered spectrum data and two g values are obtained 
from the angular variation data. The axial g-tensor requires only 
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four parameters for complete specification, namely g., g and two 
n i. 
polar angles to locate the direction of g^. For finding the polar 
angles (<9 and ^ ) , the complete method is described below. 
The measurement of g-value at any orientation of the 
magnetic field with respect to the crystallograpgic axis is given 
by following equation [54]. 
2 2 2 2 . 2 
g = g„ cos V + 0 sin \p 
R X 
2 2 2 2 2 
= g„ cos V + 0, - O, cos }ff 
2 2 2 2 
= g^ + cos V (g^ - g^) (1.21) >*» >v ^ 
where, cosV = L.H, L is unit vector pointing along g., H is a 
unit vector in the direction of the magnetic field and y/ is the 
angle between L and H. 
Two g values g and g are obtained from the spectra in two 
different orientations in the same plane, whose directions are 
represented by the unit vectors X and X respectively, where X 
3^  X and angle between X and X is X, as shown in fig. (1.9). 
When the magnetic field is directed along X , we have g =g 
and cosV = '--^ i ~ ^-t* which may be subsituted into equation 
(1.21) to solve directly for L . In the same way, when H is 
directed along X , we have g = g and cosv^  "'-•^ '? "L.cos;): +L sin;^ :^ , 
which can be solved for L by using equation (1.21). Finally we 
2 2 2 find L from the normalization relation L + L + L = 1 . 3 1 2 3 
The expressions for polar angles are given as 
Fie 1.9 - System of axes sho'vn with all angles being 
" A ^ 
positive : X. points alono 1 and X^ is in the 
(12) plane at an angle X from X. 9 and $ are the 
polar angles. 
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0 = c o s L^. 4> = t a n ' (L^/L^) ( 1 - 2 2 ) 
Equation ( 1 . 2 1 ) has been s i i n l i f i e d on assuiming t h a t t h e 
0 
orientation between X and X unit vectors are 90 = X-
1.12 THEORY RELATED TO MN^* ION 
1.12 Ci) ELECTRONIC ENERGY LEVELS 
2+ 18 5 
Mn ion belongs to (Ar ) 3d system, having five unpaired 
electrons in the outer most shell. The five electrons are 
distributed in the t and e orbitals (three electrons in the 
2g g 
t and two in e orbital). Thus the ground state configuration 2g g 
3 2 3 2 
is t e . In a free ion state, the t_ e configuration give 2g g 2g g " 6 4 4 4 4 
rise to a number of energy levels as given: S, G, F, D, P, 
2 2 2 2 2 2 2 6 
I, H, G, F, D, P and S. Out of these levels, S is the 
lowest level. The above degenerate levels can be split further 
when the d ion placed in different crystal field environments. 
In octahedral crystal field symmetry, the splitting of the some 
low lying levels of free ion are shown in fig.(1.10). If a 
crystalline field is of low symmetry, the ground state is split 
into three Kramer's doublets (M = ±5/2, ±3/2, ±1/2). An external 
magnetic field lifts the degeneracy of the doublets, producing 
six energy levels, i.e., M = -5/2, -3/2. -1/2, +1/2, +3/2, +5/2. 
s 
2+ 
The EPR spectrum of Mn ion should consist of five anisotropic 
fins structure transitions (AM = ±1). The nuclear spin (I) of 
u 
c 
tiJ 
4 D 
4, 
\ 
\ 
\ 
\ 
Free ion levels 
\ \ 
\ 
\ 
\ 
\ 
V 
Octahedral Symmetry 
U 
Eg(D) 
-S (G) 
'Aig(G) 
^ 
U 
T2g(G) 
^A^g(S) 
Fig.1.10 - Scheniatic energv level diagram of Mn ion in octahedral 
svnmetrv. 
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Mn .(natural abundance 100%) is 5/2. ThorBfor«, the total 
hyperfine structure consists of six lines (Am = ±1) of equal 
intensity for each fine structure transition. The electronic 
2+ 
splitting for Mn ion is shown in fig.(1.11). 
1.12 Cii) SPIN-HAMILTONIAN 
In order to analyse the EPR spectrum, one has to choose the 
proper spin-Hamiltonian for a particular crystal field symmetry. 
The observed angular dependence of the EPR spectrum for the 
orthorhombic symmetry can be described by the general spin-
Hamiltonian [17]. 
W = P ( g H S + g H S + g H s ) + ^(b%^ + b^O )^ + ^ f b ^ ^ + b^O^ 
v"z z z X X X y y y ' 3 ^ 2 2 2 2 / 60v 4 4 4 4 
+ b V " ! + A S I + A S I + A S I (1 .23) 
4 4 ' z z z X X X y y y 
where the symbols have t h e i r usua l meanings. Th® form of t h e 
ope ra to r 0 i s given in r e f s [ 1 7 , 5 5 ] . 
n 
112 (HI) THE SOLUTION OF THE SPN-HAMILTONIAN 
The solution of the above spin-Hamiltonian for the field 
positions of the fine and hyperfine stuctures are given below [56] 
2 2 2 2 2 2 (b ) (b ) b b 0 _ 0 4 2 1 4 2 4 H(±5/2,m = ±3/2,m) = H + 4b + 4b + - —= ^ - ^ 
^ ' ' ' ' ^ O 2 4 9 H 2 0 H H 
2 2 
B + C , , 2 _ 28C 
- Am - -^— C l ( I + l ) - m } + - ^ m 
o 0 
Ms 
• 5 / 2 
I 
I 
3/2 
/ 
5/2 
/ 
/ / 
/ / 
. / 
S / 
1/2 
Free ion \ \ -3/2 
\ 11/2 
1/ / 
\i / 
J" 
Zero field ^^ ^ 
fine structure \ ^^_zlLL 
3/2 
•5/2 
/ 
\ 
I 
m 
^ 5 / 2 
•1/2 
-3/2 
m b/2 
- - ^ 5 / 2 
i 
- - - ^ 5 / 2 
*5/2 
J^-S/2 
--^-5/2 
/ 
\ 
L 
Magnetic ^^^ — 
field Hyperfine 
coupling 
,_iL_+5/2 
-5/2 
• -^ 5^/2 
.-4I..5/2 
^--^5/2 
2+ Fi^ ,.l.ll - A schematic energy level diagran of Mn ion shouln", 
electronic level in zero aixi strong magnetic field 
togather v\dth splitting due to nuclear spin. Sone of 
the typical transition A M S = l^ "' A m = 0 are indicated 
bv arrows. 
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B(±3/2 . i = t l / 2 . « ) = H T 2b^ ± Bb^ 
O <5 4 
9 y 2 2 
5 (b^)-^ g ( b 2 ) 2 
S "TT B?5 "H" 
1 ^**4^ 
^ ~Tr~ 
2 2 
2D. o o 
B(l /2 , - = -1/2 . . ) = H^  - I -g2_ + ^ _^ 
2 2 ° ° 
J (bj)^ 2b2 bj 
AB 
( 1 . 2 4 ) 
A l l q u a n t i t i e s i n e q u a t i o n ( 1 . 2 4 ) are oxprosaod i n u n i t s of ^ ) . 
The r e l a t i o n s h i p between t h e c o n s t a n t s of t h e s p i n - B a « i l t o n i a n 
f o r t h e Z- ,X-and Y- o r i e n t a t i o n s i s Riven below i n t a b l e ( 1 . 2 ) . 
TABLE ( 1 . 2 ) R e l a t i o n s h i p between conste ints of t h e s p i n -
HaMiltonian for d i f f e r e n t o r i e n t a t i o n s of Magnetic f i e l d U. 
Bnz B!IX OHY 
b 
b 
b' 
b 
b 
A 
o 
2 
2 
2 
o 
4 
2 
4 
4 
4 
I (3b° - b^  + bj) 
1 
^ ^ 
L O 
^ (35b" + 7 b ' + bT) 8 
-1 ^ ^\ ^ 4^ 
I (3b^ + b| + bj) 
- I <5b° - b| - bj) 
2 
8 
(35b, 
h 
- 7bJ + bj) 
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112 CIV) POSITION OF DrreRrNT FINE STRUCTURE LINES 
CANGULAR VARIATION) 
The f ine atructuro pos i t i ons (M —> H - 1 ) . which occur at 
the center of the s i x hyperfine l i n e s , are fflven hj the followinft 
equation [571. 
- 4S(S+1) +9lxrrb2 + 3 b2Cos2^)^ain^29 • | fb2)^sin^0 sin^^l 
• m>[ 2S(S+1) - 6M.(M_-n s s -JM ^ bg cooa^ (1+ COS e ) 
- bg sin^e)^+ I (b2)^co5^e sln^2^1 (1.25> 
where, 9 and ^  are define relative to the crystal field axes as 
shown in figure (1.12) 
Fig.1.12: 
The orientation of the magnetic 
field H relative to the crystal 
field coordinate system X,Y,Z is 
determined by 6 and ^ . where ft 
is the polar angle that H makes 
with the ( + )ve Z-axis and | is 
the azimuthal angle [57] 
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MH (v) ZERO-FCLD SPLITTING 
Zero-field spllttlnR (ZFS) parameters are calculated by 
using two different methods, i.e.. 
a) ab-initio method: In this method, the ZFS is generally 
reckoned using an electrostatic model of the cirystal field, 
together with one or more of splitting mechanismis, which have 
been proposed in the literature [581- All attempts at ab-initio 
calculations have been aimed at the determination of ZF8 
parameters b^ and br>. This is because these parameters are the 
coefficients of terms which are at most quadratic in the spin-
operators. Such terms can be related to orbital effects at a much 
lower level of perturbation theory than the fourth order terms. 
However, some attemts have also been made to calculate fourth 
order ZFS parameters [59-611. 
b) Empirical superposition model: Superposition model (SPM) is 
based on two assumptions [62-72]. 1) The total ZFS experienced at 
an ion in a crstai is due to the nearest neighbour ions only. 
2) The ZFS is dependent exactly upon the types of ions present 
and the distance between them, irrespective of the other 
surroundings. The total ZFS at the central ioro M is therfore, 
given by a sum of axially symmetric contributions of the i lignds 
ol a HX. unit only. The contribution of more distant neighbours 
1 
as well as interactions between ligmids are ignored. The 
expressions for ZFS and their components are given in the chapter 
(3.5). 
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In our experiment, we have utilised the SPM to determine ZFS 
paremebers. The first step Is to decide the aywmQtry of the KPR 
spectrum and effective spin S. This decides the type of spin 
-Hamlltonian to be used. Thus, if the overall sjrmmetry is axial, 
a plane can be found in which the spectrum is iisotropic; the 
symmetry axis being normal bo this plane. From the pure host 
crystal structure, exact distances and orientations of the 
ligands with respect to diamagnetic cation are calculated, which 
is substituted by the paramagnetic ion. EPR is usually studied 
with paramgnetic ion diluted in diamagnctic host lattices. One 
has to use the positional parameters of the pure host crystals, 
but the true bond distances may differ from the pure host 
crystals due to dispositions produced by the impurity ion. 
However, these relaxation effects ctre likely to be smaller for 
pair of host and impurity ions having the similar valency and 
ionic radii cuad greater for the dissimilar valency and ionic 
radii [60,64,721. 
1.13 THEORY RELATED TO Cu^"^ ION 
1.13 Ci) ELECTRONIC STRUCTURE AND ENERGY LEVELS 
2+ 18 9 
An electronic configuration of Cu Ion is (Ar ) 3d with 
2 2 
D, .p as the ground state. The ground state ^t./,, splits into a 
triplet T„ and a doublet K . the latter being lower fmd former 
^g g 
being upper in the octahedral crystal field. In the presence of 
tetragonal crystal field, the ground state E further splits into 
g 
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2 2 2 2 
two singlet either as {3z -r > or as {x -y > depending on whether 
the distortion is compressional or elongational. If the crystal 
field symmetry is rhombic or lower, the ground state will be 
2 2 2 2 
admixture of both as j32 -r > and }x -y >. Resonance is observed 
for the lower singlet with spin S = 1/2, which is doubly 
degenerate. The magnetic properties of the lowest orbital singlet 
will also be affected slightly by an admixture of the excited 
states through spin-orbit coupling. This type of admixture gives 
the anisotropic g value in the EPR spectrum. The nuclear spin 
2+ 
effect (I = 3/2) of Cu ion gives four line hyperfine structure 
[73], (see fig. 1.2). 
1.13 (ii) SPIN-HAMILTONIAN 
2+ . 
The paramagnetic resonance spectrum of Cu ion subjected to 
various crystalline field can be generally described by the spin-
Hamiltonian (see equation 1.16). If the crystalline field of the 
system is orthorhombic then the spectrum can be described by the 
following spin-Hami1tonian; 
/- = jj g H S + g H S + g H S 
' V V V U \J V/ 7 -7 7 
+ I A S + I A S + I A S 
y y y "zzzj x x x y y y z z z 
+ Q'fl^- - 1(1+1)1 + Q"(I^ - I^ ) (1.26) 
!= z 3 J x y 
and axial crystal field symmery, the spin-HamiItonian will be of 
the form of the equation (1.19). 
1.13 Cm) METHODS FOR THE MEASUREMENT OF PRINCIPAL 9- AND 
A-TENSORS FROM SINGLE CRYSTAL DATA 
Differnt methods [74-77] are being used to determine the g 
and A values. The g and A values for our studies has been 
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detemlned by using the Bethod as suggested by Billing and 
liathaway [741. which is simplified form of Qeusic-Brown 1751. 
According to Billing and Hathaway 1741; 
g^ ^ X = I (g^j + g^j) + I (g^^ - g^j) cos^ /< ^ g'^ ^ Bin'2rP (1.27) 
On differentiating, the naxinuis and minimum values of X are 
Hence the diagonal terms are 
where, X' = (X, + X . ) and the subscripts i, j and k refer to 
max mln 
the axes of the three crystal rotations and off-diagonal terms 
are g^^ = |((AX)^ ~ ^ «ii " 6^^)^)^^^ (1-30) 
where, /iX = (X - X , ). Equation (1.28) and (1.29) can be used 
max mln 
simultaneously to determine all of the matrix elements from 
measurements of the maximum and minimum g values in three 
orthogonal plemes. On solving the matrix. principal values of 
g-tensor and their direction cosines can be obtained. The same 
procedure can be used to find the principal values of A-tensor 
and their direction cosines. 
1.13 (iv) GROUND STATE WAVE FUNCTION 
The general wave function for Cu ion in rhombic crystal 
fields was given by Bleaney et. al 1781. The spin-Hamiltonian 
parameters g- and A-tensors were derived usini; their wave 
function tind large number of inter-related parameters with out 
covalency effects. On including the covalency effects, the spin-
Uamiltonian parameters I 781 are simplified by Broubek and Zdansky 
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2 2 1791 for a predominantly 13z -r > ground state. In simplified 
expressions. It la assumed that the mixing of \x''~y > In the 
ground state wave function Is small leading to the neglect of 
higher order terms of mixing coefficient. However, similar 
2 2 
expressions for a predominantly | x -y > ground state have been 
2 2 given 1801 neglecting the | 3z -r > state. After some time, Bao 
and Narayana fBll attempted to obtain a ground state wave 
2 2 function which can be used Irrespective of whether j x -y > is 
2 2 predomineint or 13z -r > cmd at the same time the covalency 
effects are also taken into account. The approximate ground state 
wave function and their related expressions are given In 
chapter(V). 
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CHAPTER I I 
EPR AND OPTICAL STUDIES OF VO^"" IONS IN SODIUM FORMATE 
SINGLE CRYSTAL 
- 59 
2.1 INTRODUCTION 
Alkaline earth formates. because of their special 
properties, such as elastic, thermoelectric, optical constants, 
coefficients of thermal expansion, thermal conductivity and hard 
ness [1], had earlier attracted much attention and had been 
extensively studied by us through EPR technique 12-71. He thought 
it interesting to extend our studies to formates of alkali metals 
and see what differences does it bring about by replacing alkali 
metals for alkaline earth metals. Here the results of EPR and 
2+ 
optical studies of VO ion doped sodium formate single crystal 
are reported. When sodium formate crystal is irradiated by UV- & 
2-
X- [8] and ^ -rays, 00,^  free radical is produced and it has been 
extensively studied in literature 18-131. There was no report of 
EPR studies of any transition metal ions doped in sodium formate. 
2+ We chose VO ion as dopant because of its inherent simplicity. 
/*+ IB 1 
The VO ion has electronic configuration (Ar ) 3d . EPR spectra 
of vanadyl complexes can be satisfactorily explained in terms of 
unpaired electron (S = 1/2) interacting with nuclear spin (I = 
'1/2). The behaviour of the unpaired electron in vanadyl complex 
is dominated by the strong V=0 bonding and most of the complexes 
possess C. symmetry. But there are some cases in which the 
ligand field symmetry was found to be lowered 114]. 
* partial content of this chapter is published in Solid State 
Communications, Vol.89, No.l, p.59-63 (1994). 
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2.2 CRYSTAL STRUCTURE 
Single crystals of Sodium formate are Monocllnlc with space 
group C„ . ( Cpv) and four molecules per unit coll. The lattice 
parameters are a = 6.19. b = 6.72. c = 6.49 A and |J - 12l"7 
[91. The molecular planes of the fonabe ions are parallel to 
each other and the molecular Cg-axis is parallel to the 
crystallographic b-axis. Each sodium ion is surrounded by six 
oxygen atoms forming a distorted octahedron belonging to five 
HCOO radicals. The nearest separations of oxygen atoms from 
sodium ion in pairs are 2.32. 2.72 and 2.87 A. 
2.3 EXPERIMENTAL DETAILS 
2+ Single crystals of sodium formate doped with VO ions were 
grown by neutralizing sodium carbonate with formic acid by taking 
the reactants in the molar ratio of 1:2 and allowing the 
concentrated solution to evaporate slowly at room temperature 
(RT). Chemical reaction is given AJi below; 
NagCOg + 2HC00e > 2NaHC00 + HgO + COg (2.1) 
VOSO^ was added in the solution to supply VO ions as dopants. A 
part of the solution was lightly doped (O.IX by weight) and the 
other heavily doped (0.5% by weight). Two types of crystals with 
different levels of doping were obtained. In each case, good 
quality, transparent crystals with well developed faces were 
- 61 
obtained. The morphology of the crjratal was saae as reported hy 
Zacharlasen (Ibl.The typical Morphology of the crystal axes 
system is shown below (fig.2.1) 
Flo.2.1 - Typical morphology and axes system 
for sodium formate. a,b and c are 
the crystallo3Taphic axes [l5j. 
EPR studies were performed on single crystal of sodium 
2+ formate doped with VO ion both in light and heavy doping case 
at RT. The crystals were mounted on the quartz rod and the 
spectra were recorded for the orientation of the external 
magnetic field in three mutually perpendicular planes (a b. be 
and ca where a = a sinP). Powder spectra were recorded by 
taking the powdered sample in the quartz tube. 
The optical absorption spectra were recorded on 
spectrophotometer (model CIBA-CORNIG DV-visible~2800) in the 
range 200-1000 nm. 
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^4 RESULTS AND DISCUSSION 
2 4(0 ELECTRON PARAMAONETIC RESONANCE 
It was found that the number of the conplexes developed In 
the crystal were dependent upon the level of the doping. Study of 
sodiuB formate with liRhb doping and heavy doping have been dealt 
2+ 
with separately. In lightly doped crystal, one species of VO 
2+ 
and in heavily doped crystal, two species of VO were detected. 
When external magnetic field is applied in general 
orientation, the lightly doped crystal, EPR spectrum consists of 
one octet of nearly equidistant signals which are characteristic 
of hyperfine sructure of vanadyl ion with S - 1/2 and I = 7/2 as 
shown in fig. (2.2). This complex will be called, hence forth 
complex 1. Angular variation of the spectra have been carried out 
in thiree mutually perpendicular ca , a b and bc-planes. if the 
crystal is rotated about b-aticis, the EPE spectrum is highly 
anisotropic but the anisotropy is much less, if rotated about c 
and a -axes. The maximal spread spectrum (Z-axis of the complex 
I) is found at an angle of 40 from c-axis towards a -axis in 
ca -plcuae (fig. 2.3). In fig. (2.3), some of the signals at high 
field side show splittings, explanation for which has been 
furnished along with the figure caption. Perpendicular to the 
orientation of the Z-axis of the complex 1. in the same plane, 
minimum spread spectrum is obtained (fig.2.4). Angular variation 
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plot In ca - plane of complex 1 is shown in tin (2.5). 
EPR spectruB with high doping level is recorded at an annle 
40 from c-axis in ca -plane (same orientation of as observed In 
the case of light doping), it shows that the Z-axis of the 
complex 1 of light doping remains intact and another complex (say 
complex II) appears with less intensity fig.(2.6). On performing 
the angular variation in ca -plane, the maximal spread spectrum 
(Z-axis) due to c<wplex II is observed at angle 40" from c-axis 
on the other side (fig.2.7). Splittings observed in some signals 
at high field side in this figure have been explained with note 
along with the figure caption of fig.(2.3).Angular variation 
studies have been carried out in ca . a b and bc-planes for both 
the complexes and have been plotted in figs. (2.8), (2.9) and 
(2.10) respectively. Fig.(2.8) shows that both the complexes are 
oriented at 80° to each other in ca -plane and are highly 
anisotropic. Figs. (2.9) and (2.10) show that the spectra in a b 
and bc-planes due to complexes I and II are running parallel to 
each other and are not much amisotropic. EPR spectrum of powdered 
sample of sodium formate is also recorded and is shown in 
fig. (2.1i). 
The EPR spectrum of VO complexes can be described in terms 
of the general Spin Hamiltonion of the form of the equation 
(1.16). Since the nuclear spin of V is large, the angular 
" U 
1-
>> 
QJ 
x: 
u 
u 
U 
a 
,—i 
cc 
c 
•rJ 
'X 
c 
Q 
• r J 
U 
•r^ 
<J) 
U 
a. 
-3 
1 
0) 
•r-l 
U-1 
CJ 
j r 
u 
E 
1-
0 
u-
F; 
D 
•r-l 
•a 
0 
tn 
-o 
aj 
a 
0 
• o 
O rsi 
•r-l 
u 
« 
•,-1 
CI 
> 
t . 
ra 
^ j 
3 
0!) 
C 
<: 
LO 
CN 
00 
• r ^ 
U. 
c 
> 
o 
t—1 
X 
CJ 
.—1 
a 
e 
o 
u 
* 
'~' C'.i 
a 
o 
i - i 
r: 
C'l 
• H 
r - ^ 
• — ' 
0 10 30 50 
ANGLE (8') 

Lf) 
G GC 
i-) C 
•^J 
> 
CL 
CD 
>-
c 
o 
r~ 
r3 
r> 
1 
, 
^~. 
m 
|>J 
o -
,J 
>^  
•H 
> 
o 
\^  
\-i 
l -^ 
X 
o 
r - l 
Q_ 
P^  
O 
o 
LW 
0 
E 
D 
v-
4-) 
O 
O 
cn 
oi 
a-
''~ 
T j 
03 
0) 
\^ 
0. 
'Si 
r—1 
CT3 
E 
•H 
X 
(T5 
( 
• 
CO 
•H 
u. 
1-
o 
0 
0) 
J-J 
^ 
O 
IT) 
• ^  
X 
CO 
1 
o 
E 
O 
v-
Ui-I 
c 
o 
<t 
CO 
c 
TO 
r-
ro 
J-) 
cC 
t—1 
ro 
4-1 
C/5 
>. 
O 
(1) 
r - l 
CO 
r-
• r - l 
en 
J_J 
a 
Co 
o 
G 
0 
•TA 
U -
G 
X 
i J 
x: 
j - i 
•r^ 
3 
c: 
r-
0 
r - l 
CT3 
G 
4-1 
o 
C 
G 
4J 
G 
G 
c/1 
W 
, , 
n: 
r; 
CO 
•M 
CD 
"J 
e 
0 
t/) 
U-l 
o 
20 i»o 60 80 
ANGLE (6") 
100 120 l^ +O 160 180 
Fie.2,8 - togular variation of the lield positions oi 
t b \ m fwe li'^ ^5 for botli the coipleies I 
& I I in a*b-plane (heavy doping)• 
o 
^ 
V-i 
o 
U-i 
Ul 
0) 
r -
• r - l 
r-J 
0) 
f -
•r-l 
U-l 
Vi 
a; 
Q-
>, j c 
<u 
X 
4J 
U-l 
0 
en 
P 
o 
•I-l 
4-1 
• H 
01 
o 
a 
13 
, -1 
H) 
•r4 
^ , 
Q; 
4J 
U-l 
0 
c 
0 
• I - l 
4J 
CD 
• H 
V-
CO 
> 
VJ 
CC 
r-l 
P CO 
c 
< 
, 
y - ^ 
CO 
c 
•r-l 
a 
o 
-o 
> i 
> 
CO 
O 
X-
•~-^ 
0) 
c 
ca 
. -1 
a 
1 
i j 
CO 
u 
C 
•H 
M 
M 
oa 
H 
Cfi 
0) 
X 
(U 
r-l 
a 
e 
o 
o 
<u j : : 
4J 
0 ^ 
CM 
• 
M 
•rl 
fa 
0 10 30 50 
ANGLE (8*) 
70 
0 10 30 50 
ANGLECd*) 

- 74 
dependence of the EFK spectrum is manifested in the hyporflne 
structure emisotropy. The g factor anisotropy is not dominant 
because the value of the spin orbit coupling parameter in tl»e 
vanadyl ion is small {> = 170 cm"^) [161. The positions { in 
magnetic field units) U , of the observed allowed hyperfine 
m 
transitions (Am - 0) are obtained by solving equation (1.16) 
under the assumption that g-and A-tensors are eixially symmetric 
(g = g = gi and g = g„ ) and. correct to the second order, 
the positions of the hyperfine lines are also given in equation 
(1-19). 
Spin-Hamlltonian parameters are calculated for the complexes 
by using equation (1.19) and polar angles by the method of Waller 
and Roger fl71 which is described in section 1.1l(v) of chapter 
1. Spin- Hamilbonian parameters obtained from the EPH spectrum of 
the powdered sample is also reported in table (2.1). Results 
reported in table (2.1), confirm the differences of 80*" observed 
in the principal cuces of the two complexes. 
Theoretical resonant field values of hyperfine structures of 
2+ VO ion doped in sodium formate single crystal for the complexes 
are calculated and compared with the experimental values. A 
comparison of the experimental and theoretical resonant field 
2+ positions of hyperfine structures of VO ion in the position of 
maximal spread spectrum are shown in table (2.2). There is close 
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afireement between the calculated and experlaental values. 
2+ TABLE 2.l-Spln-HaMiltonian paraaeters of VO coaplexes In sodlua 
formate single crystal 
cc»plex g.. g Au A polar angles 
1 1.930 1.984 196 ±1 72 ±1 6 •- 69" + !°.-^ - 87.8''ir 
±0.001 ±0.001 
II 1.939 1.989 186 M 72 ±1 0 - 149.5 ,'p - 87.6°±1 
±0.001 ±0.001 
powder 1.921 1.997 198 ±2 7b.4 ±2 
sample ±0.001 ±0.001 
Following characteristic features of the spectra emerge 
which need explanation: 
a) Why there is only one complex incorporated in case of light 
doping and two complexes in the case of heavy doping ?. What 
makes the complex 1 more favourable as compared to complex II. 
b) Why in a b and be planes, the spectrum of the two complexes 
are not appreciably different but in a c plane, they are 
oriented differently and the maximum spread spectra due to two 
cdDplexes lie at an angle of 80 . 
76 -
TABLE 2.2- A comparison of the experimental and calculated 
v2+ 
resonant field values of the hyperfine lines of VO 
sodium formate single crystal. 
ion in 
conplex experinenta1 (Gauss) theoretical (Gauss) 
site 1 
site 11 
2697 
2BB6 
3078 
3275 
3475 
3672 
3869 
4070 
2717 
2900 
3083 
3267 
3456 
3642 
3831 
4019 
(+7/2— 
(+5/2— 
(+3/2— 
(+1/2— 
( -1/2— 
(-3/2— 
(-5/2— 
( -7/2— 
(+7/2— 
(+5/2— 
(+3/2— 
(+1/2— 
(-1/2— 
(-3/2— 
(-5/2— 
(-7/2— 
— > 
— > 
— > 
— > 
— > 
- > 
-> 
—> 
-> 
-> 
—> 
-> 
-> 
-> 
-> 
-> 
+7/2) 
+5/2) 
+3/2) 
+1/2) 
-1/2) 
-3/2) 
-5/2) 
-7/2) 
+7/2) 
+5/2) 
+3/2) 
+1/2) 
-1/2) 
-3/2) 
-5/2) 
-7/2) 
2691 
2883 
3076 
3270 
3466 
3664 
3863 
4063 
2710 
2892 
3074 
3269 
3445 
3632 
3822 
4012 
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These questions can be answered by assualnic -that V ion 
replaces substiluiionally Na ion and draws one of the six oxygen 
2+ ions of the octahedron towards itself to for» VO . This is the 
usual way of incorporation of vanadyl ion in a crystal [5 91-
In ccMBplexes 1 and II, the fifth formate radical which is 
responsible for supplying two oxygen ions to the octahedron are 
possibly aligned perpendicular to each other. One of the 
alignments might be more favourable than other, because of the 
relative spacing of the molecules inside the crystal in that 
particular direction as is revealed by a close examination of the 
crystal structure as shown in fig.(3.4). This justifies the 
formation of two complexes and also preponderance of one over the 
other. 
When substitution takes place, the angular disposition of 
the octahedra gets quite changed and the cc«plexes I and II are 
not inclined at 90 to each other. This may explain the 
difference of the 80 observed in the maximum spread of the 
complexes 1 and II in the a c plane. As observed in a b- and bc-
plane, not much difference in the angular variation is expected. 
The spectra for both the complexes I and II follow 
tetragonal symmetry. Sodium formate is monoclinic and the unit. 
cell has four distorted octahedra. These octahedra are pairwise 
oriented perpendicular to each other. The site symmetry of Na^ 
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which is being substituted is distorted octahedron 1151 - The 
2+ 
occurrence of tetragonal site syametry for the substituent VO 
as observed in the present case must be the result of 
rearrangement of oxygen ions around the substituent. The factor 
responsible for the rearrangement may be the V substituting Na 
2- 2+ 
and drawing one 0 towards itself to form VO . In this process. 
two things have changed, firstly, that a single ion Na has been 
2+ 
replaced by a large siae VO complex and secondly, that a 
monovalent positive ion gives place to a divalent impurity. This 
might entail enormous changes in forces like electrostatic, 
magnetic, charge polarisation etc. Calculation of the resulteint 
symmetry after substitution will be difficult but there are 
2+ 
numerous example where site symmetry of the substituent VO ion 
has been tetragonal, even though the symmetry of the host crystal 
has been much lower. To quote a few examples: Barium formate > 
host-orthorhombic, VO ' -tetragonal f4]; Calcium formate >host 
-orthorhombic, VO^* - tetragonal lb]; Na„Zn(SO.)„.48^0 >ho3t-
2+ 
monoclinic, VO - tetragonal (201; Cs^C.^O. .B„0 >host-
monoclinic. VO'* - tetragonal f211; Cs..Cd(SO. )„.6H„0 >host-
2-» 
monoclinic, VO - tetragonal I 22] . 
2.4-(M) OPTICAL AEKJORPTION 
The optical absorption spectrum of vanadyl ion in sodium 
- 79 -
fontate is sho»m In fig. (2.12). the observed spectrua consists of 
one strong band at 11980 CB and two weak bands at 10390 en 
and 13700 cm . The strong charge transfer band occurs in the 
range 35000-50000 cm" which is its usual position. FroK the 
nature of the observed absorption bands, the first three bands 
2 2 -1 
are assigned to the d-d transitions B„ > E (10390 en ), 
g^ 8 
^Bo >^^ B, ( 11980 cm"^ ) and ^B„„ '"^A. ( 13700 cm""^  ) 
2g Ig Zg Ig 
respectively [23]. 
The optical data are used to evaluate the crystal field 
paraneters of the vanadyl conplexes froa the following relations 
r231. 2 ? 'B„_ ''E = E. = -3D + 5D, 
\^ — '^ « = h = 10^  - *^s - ^ \ 
The calculated crystal field parameters are: octahedral 
crystal field parameter fl> ) = 1198 cm , tetragonal (jjrystjail 
field paraneters (D ) - -1730 c»^^ and (D^  ) = 1040 on"^, which 
s t 
specify the degree of tetragonality of vanadyl c<»iiplexes in the 
crystal of sodium formate. 
The correlation of EPR and optical data are given by the 
following relations (24]. 
g|l = 2.0023 - 8 ( ApJ )/E2 (2.3a) 
g^  :^  2.0023 - 2 (Ar2)/E. (2.3b) 
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Fig.2.12 - Optical absorption spectrum of the VO 
ion doped in single crystal of sodium 
formate. 
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A|| = PC -(4/7 + K) - 8<\n^ )/E^ - 6 {Ke'^)/7£^1 (2..3.C) 
A^ = P £ (2/7 - K) - 11 (X£^'^>/7E J (2.3d) 
2 2 2 2 
where P and r are the bonding coefficients of | >« -y > and 
(| xz>, I yz>) orbital s respectively. X is the spin orbit coupling 
coefficient which is assumed to be equal to 170 cm for VOT ion 
[243. K Is the Fermi contact parameter and is related to the 
unpaired electron density at the vanadyl nucleus £md E^ and E,, 
2 
are the energy separation between groud state ( B^^) and the two 
next higher states ( »„ and Bi„) respectively. The dipolar 
g Ag 
hyperfine coupling parameter 'P' is a measure of the radial 
distribution of the unpaired electron wave functions and is given 
by 
P = 2.0023 g^P^n^ < r"^ > (2.4) 
Molecular bonding coefficients are calculated by inserting 
the experimental values of g. , g , E. and E^ in equations (2.3a) 
and (2.3b). The calculated values of molecular coefficients 
2 2 
evaluated are |1^  = O.bb and e = 0.62 respectively. The 
2 2 parameters [3, and £ represent in plane (a) and out of plane (»T ) 
bonding respectively. 
2 2 Furthermore, inserting the values A,, , A . E^ , E„. \i^ and r 
in equations (2.3c) and (2.3d), the dipolar hyperfine coupling 
parameter (P) auad Fermi contact term (K) are evaluated. The value 
of K rcinges from 0.6 to 0.9 in various vanadyl complexes auid is 
- 82 -
very sensitive to even small deformation of the metal electron 
orbltals. The calculated values of P and K for the present system 
are found to be -120.5x10 cm and 0.82. The values of P and K 
2+ 
of VO Ion In sodium formate are in good agreement with the 
values obtained in other crystals where the ion is coordinated to 
2+ 
oxygen ions [25,26] indicating that VO ion in sodixui formate is 
surrounded by oxygen ions. The values of P is to be compared with 
that for the free V^ "^  ion which is P^  = -leixio"* cm~^ 1271. This 
implies that there is a considerable charge transfer frcND the 
oxygen ions to the vanadyl ion. 
Table (2.3) provides comparison between alkali metal and 
alkaline earth formates doped with vcmadyl ion. where the values 
of spin-Hamiltonian parameters, molecular orbital coefficients, 
Fermi contact term and dipolar hyperfine coupling parameter are 
placed together. This table shows that there is no direct 
relationship between the ionic radius and the valency of the 
cations of the host crystal zmd the values of the 
spin-Hamiltonian parameters. In all the systems. The g and A 
2 2 
values are nearly same. There are some differences in the |L . e 
2 
and R, but they do not follow any fixed rule. The values of \i. 
2 2 2 
and c are less than that of reported values of fl* and e in 
alkaline earth formates doped with vanadyl ion which indicate the 
comparatively higher covalency in the ground state orbital of the 
- 83 -
vanadyl iou In the present systea. Inspite of this, R has lar^e 
value lor VO ion in sodium formate which indicates much 
contribution to the hyperfine constant by the unpaired 8-
electron and probably also the contribution from spin 
polarization than that in alkaline earth formates. 
TABLE 2.3" Spin-Hamiltonian parameters. Fermi contact term and 
2+ 
molecular orbital coefficients for VO in different host lattices. 
Complex 
Sr(BCO0).^.2B,^0 
Ca(HCCX)}2.2e20 
Ba(HCCX))2.2H20 
sodium formate 
complex 1 
complex 11 
Note; i o n i c rad 
1 ^R ^nA n QR A 
1^1 
1 .944 
± 0 . 0 0 2 
1.939 
10 .001 
1.936 
1 0 . 0 0 1 
1.930 
± 0 . 0 0 2 
1.939 
s± 
1.987 
± 0 . 0 0 2 
1 .982 
± 0 . 0 0 1 
1.980 
±0 .001 
1 .984 
±0 .001 
1.989 
i i i of the Sr^t 
*H 
( xlO 
165 
±2 
178 
±1 
173 
±1 
177 
±1 
168 
C a 2 \ 
* 
Ai. 
-4 - 1 , 
cm ) 
66 
±2 
67 
±2 
63 
±2 
67 
±1 
67 
0 
0, 
0, 
0. 
Ba emd 
R 
.74 
.77 
.79 
,82 
Na^ 
" i JL 
0 . 8 3 
0-67 
0 .81 
0 .5b 
are 1 
•V 
e^ P Ref 
{xlO *cm^^ 
0 . 6 6 - 1 2 8 
0 . 7 3 -126 
0 . 7 9 -121 
0 . 6 2 - 1 2 1 
. 2 0 , 1 . 0 4 , 
in 
r5 
14 
i 
'^5 CONCLUSION 
2+ There are two sites where the VO complexes Ret incorporated 
in the crystal, the one site being more favourable with respect 
2+ to the other. In both cases VO enters the sodium formate 
2+ lattice substitutioiially and the ssrmmetry for both the VO sites 
- 84 -
is tetragonal. The large value of K (0.82) indicates a large 
contribution bo the hyperfine constant by the unpaired S-electron 
and probably also the contribution from spin polarization. The 
2 
value of [3. = 0.55 obtained in the present case Indicates a 
high degree of admixture of the llgand orbitals. 
- 85 
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CHAPTER I I I 
EPR AND SUPERPOSITION MODEL INVESTIGATIONS OF M N ^ * ION DOPED 
IN SODIUM FORMATE SINGLE CRYSTAL 
- 88 -
31 INTRODUCTION 
As noted earlier. EPR tnvestlirations have been reported on 
sodium for»ate single crystals by irradiating with ^ -f 1.2.1. X & 
O.V.-rays [31. but no KPR work could be found on sodium formate 
single crystals with any of the 3d- transition metal ions f41. 
2+ Study of NaHCOO doped with VO ion was reported in the previous 
chapter (chapter II). In the present chapter, study of the NaHCOO 
2+ doped with Mn ton is reported. Another consideration which led 
us to study this problem was the same which initiated us to 
2+ 
undertake the study of the KPR on VO ion doped in sodium 
formate single crystal in the chapter II, i.e., to study the 
effect of the replacement of an alkali metal ion in place of 
alkaline earth metal ions like Ca, Sr, Zn, Cd etc, whose formates 
have been widely investigated f^-lOl. Superposition model 
analysis [11-181 has also been carried out to see rearrangement 
caused by charge misfitting substitution, i.e., replacement of 
+ 2+ Na by Mn ion. 
32 CRYSTAL STRUCTURE 
The crystal structure fl9] of sodium formate has been 
described in section (2.2). The crystals of sodium formate are 
monocllnic with tetramolecular unit of dimensions: a = 6.19. b = 
6.72, c = 6.49 A and f) - 121.7 . The carbon and sodium atoms have 
ir Partial content of this chapter is accepted in SDectrochimica 
.Acta A (1994). 
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been placed in special positions: 
(4f): 1(0, u, 1/4; 1/2, u +1/2, 1/4) 
with u(C) = 0.283 and u(Na) - -0.139. 
The oxygen atoas are in general positions: 
(8f): i(x,y,z; x,y,1/2-2; x+l/2,y+l/2,z; l/2-x,y+l/2,1/2-z) 
with X = 0.043, y ^ 0.194 and z = 0.18B. 
The separation of oxygen atoais froB Na ions in pairs arc 
2.32 A, 2.72 A and 2.87 A. 
3.3 EXPERIMENTAL 
2+ The single crystals of sodiuB formate doped with Hn ion 
were grown by the slow evaporation of a saturated aqueous 
2+ 
solution at room teaperature under static conditions. Mn was 
introduced into the solution by adding a snail aaount of 
•anganese chloride. The detailed cheaistry of the crystal growth 
of sodium formate and typical morphology of the crystallographic 
axes system have been given in the section (2.3) of chapter II 
(see fig.2.1) ri91. 
3.4 RESULTS AND DISCUSSION 
3.4-Ci) ELECTRON PARAMAGNETIC RESONANCE 
For an arbitrary orientation of the crystal, two types of 
the complexes are observed say I & II. The EPR spectra show, for 
90 
each complex, five sextets. This indicates that the spectnui is 
due to Mn^ "^  ion with S = I = 5/2 [201. 
When the external Ba/tnetic field (H) is applied in the 
bc-plane, (i.e.. crystal is rotated about a -axis) the spectnaa 
due to complex I shows thirty lines with five hyperfine sextets. 
The anf^ ular variation, in this plane, does not show Buch 
variation in fine structure splitting. When H is applied in the 
ca -plane, the spectrum due to complex I shows thirty lines with 
five hyperfine sextets but on performin/? the angular veiriation in 
this plane, divergences of the spectra are less than that in the 
bc-plane. The behaviour of the complex II was similar to that of 
the complex I in both the be & ca -planes. In the a b-plane, 
when B is applied 35 off b-axis towards a -axis, the spectrum 
shows the maximal spread of complex I (saj 1.- axis) and is shown 
in fig.f3.1). At the Z.-axis. the complex II has small spread 
confined near the central region and therefore, the central 
region becomes quite congested. On performing angular variation 
studies in this plane, the other maximal spread spectrum ( Zr>-
axis) due to complex II is observed at 36° on the other side from 
the b-eixis. 
2+ From the above observations of the KPH spectra of Mn ion 
If. % 
with H in the a b. be and ca -planes, it is found that the Z-, 
Zg. Xj^  & Xg crystal field axes are lying in the a b-plane ami the 
X 
o 
X 
7. 
n X 
X 
X 
g i-
o 
— • / • , 
X > 
I 
- 92 
Y^,& Yp crystal field axes are parallel to the cryatallographio 
c-axis. The orientation of the principal axes Zj & ^g Z„ make an 
angle ± 35° with respect to the b--axia in the a"^ b-plane aa shown 
in fig. (3.2). 
\ 
!• 1 r , . 1 . ? •. 
O r i e n t a t i o n ' ; o f Che c r y s t a l 
f i < l ( l axt-c; X ^ , Y j , Z ^ a n d 
" • • . i . Y , . / , iif ' I n ' r o n p l c x p s i ; l t l i 
rv]yit to c r y s t a l l o f r a p h l c 
I < J ' i\<""- in sod i i in f o r r a t " 
• i n ' ; l o c r v ^ t al , ( e l l V.I I Y, ) . 
The angular variation plot of the allowed fine atructuro 
transition (AM = ±1) of one of the magnetic complexes of the 
a 
?+ • 
Mn ion (complex I) in the a b-plane along with the experimental 
points (0 = 0, <9 variable) is plotted in fig. (3.3) by using the 
equation (1.25) of the chapter I. It is seen from this fig.(3.3) 
that the fine structure transition lines move rapidly as tho 
magnetic field orientation 10) moves away from the Zj-axis. The 
lines collapse to a very small spread at an angle 56^ away from 
the Z^-axis. As 0 increases further the lines spread out to a 
second maximum at O - 90 (but the spread of the spectrum is half 
that of tho Z. axln spcctirum). The behaviour of the spectra for 
I/) 
if) 
Q 
-J 
LU 
» — t 
u. 
O (—1 
h-
LU 
Z 
O 
< 
2: 
0 60 90 120 
ANGLE(e') 
Fi<5.3.3 An.'ular variation of the fine structure of 
rPR spectra of one of the magnetic 
cop.plexes of Mn" ion at site I in a b-plane 
Solid spheres represent experimental values. 
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the coBplex II is similar as the c<^plex I in a b-plane. 
The EPR spectra could be analysed by using the general spin-
Ha»iltonian of the form of the equation (1.23). The 
spin-Hamiltonian parameters are calculated upto second order by 
using the equations (1.24) and fitted by an iterative least 
square method and given in table (3.1). It is clear that the 
2+ 2 
Mn complex shows a tetragonal crystalline field fb^=0). The 
2> 
spin-Hfiroiltonian parameters of t h e Mn' ion in sodium formate 
along with formates of some divalent metal ion (for comparison) 
single crystals are given in table (3.1). 
TABLE 3.1- Spin-Bamlltonian parameters of Mn 2+ Ion in single 
crystal of sodium formate amd other alkaline earth formates (all 
-4 -1 parameters are given in the units of xlO cm }. 
Systems ionic radiuj g = g g 
of cation(A) 
b" A = A A 4 X y z ref 
NaHCO, 
Ca(HC02)2 
0.98 
1.04 
Sr(HC»2)2-2H20 1.20 
Zn(eC02)2-2H20 0.83 
Cd(HC02)2-2H20 0.99 
2.017 2.007 324 0 7.7 
2.021 390 101 1.7 
2.018 311 29 
2.005 315 32 
2.001 235 24 
97 99 P. I 
98 I 8 
103 111 
98 [12 
101 [12 
P.l. Present investigation. 
2+ 
» Ionic radius of Mn = 0.91 A. 
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2+ It has been found that there are two types of Mn coaplexes 
incorporated Into the sodium formate lattice (ccHaplex I & II). 
The principal axes of both the complexes lie in the 
a b-pl£ine, directed at 35 on either side of the b-axis. Locating 
2+ the position of the Mn ions and the directions of the principal 
axes of these complexes vis-a-vis the crystal structure of sodium 
2+ formate, (shown in fig. 5.4), it is found that the Mn ion 
substitutes Na ion and removes another Na for reason of charge 
2+ 
neutrality and the principal axis of the Mn complex is directed 
almost along the Na -Na (vacancy) direction. In the unit cell. 
there are six Na -Na pairs, which are grouped into three sets. 
Distances and the direction cosines of these Na -Na sets are 
tabulated in table (3.2). From the table, it is seen that two 
Na -Na pairs aLre separated by distances of 4.57 A and these two 
Na -Na directions fNar, -Na. and Na^ -Na^ ' ) are almost the 
2+ direction of the principal axes of the Mn complexes {see 
fig.3.4). The separations of Na -Na (4.57 A) are the largest of 
all the inter Na -Na pairs in the unit cell. The angular 
variation of the spectra in the three mutually perpendicular a b. 
be & ca -planes reveal that the spectra show the characteristics 
2 
of a tetragonal environment (b^ =0). i.e.. the spectra with the 
magnetic field (H) along the X 4 Y-axes are similar and diffrent 
from that along Z-axis, As noted earlier that there are four 
CD -
< . 
•-oxygen 
••sodiunn 
Ocarbon 
» a-axi5{A) 
F i g , 3 .4 - Pro_i( 'ction of t h e sodiui- f ornate 
s i i \ ^ l c c r v s t n l s L ruc c u rp on a " c - n l a n e . 
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octahedra in the unit cell and each octahedra is constituted by 
six oxygen atoms surrounding Na ion. The separations and 
direction cosines of Na -0 are calculated and are given in table 
(3.2). The crystal field X- and Y- axes were conpared with 
direction cosines of Na 0 and found that the crystal field 
X-axis of the Mn complex is almost directed along the Na -0^ 
with separations of 2.87 A and the Y-eucis of the complex is found 
almost along another Na -0„ direction with separations of 2.72 X, 
(see fig.3.4). Examining the crystal structure, it is noted that 
2+ the axes of the Mn complex is not exactly coincident with any 
line Joining the Na ion to any one of its neighbours, either Na 
ions or oxygen ions but only slightly off from these directions. 
The angle between the two Na -Na ion pair directions (4.57 A), 
according to the crystal structure, is 84 but the Measured angle 
between the principal axis of the complexes comes out to be 70 . 
The Na'^ -03(2.e7 A) and Na*-02(2.72 A) are the possible directions 
of X & Y components of the ccwplexes and are inclined to Na -Na 
direction (4.57 A. possible Z-directions) by 85" and »b° 
respectively. It seems that on substitution of Mn ion for Na . 
there has been enough chemical strain due to charge misfitting 
substitution which results into relsixation of ionic positions 
causing angular displacements upto the maximum of 6° and inter 
ionic separation upto the maxlnum of 0.07 A. This relaxation 
- 98 
night generate o tetragonal environi»ent lor the Mn aomploxan as 
actually observed. Another question that is to be answered is why 
the principal axes of the conplexes are directed aJong the 
largest Na -Na direction and not otherwise. This is probably 
because of the two oxygen ions which are closest to the Na ion 
(2.32 A) and lie in the vicinity of the largest Na -Na 
direction, each Na-0. (nearest oxygen) Baking approximately an 
angle of 30 with Na -Na (largest) direction. The presence of 
these closest oxygen ions may be responsible for directing the 
principal axis of the coatplex towards the largest Na -Na 
direction. This kind of local rearrangement after substitution of 
+ 2+ 
Na ion by Mn ion that has possibly taken place can be well 
accounted for by SPM analysis. 
A perusal of the table (3.1) shows that there is no direct 
relationship between the ionic radius and the valency of the 
cations of the host crystals and the values of spin-Haniltonism 
paraaeters. In all the cases given in table (3.1), the g values 
and the values of the hyperfine constants (A) are nearly the san»e. 
There is some difference in the crystal field splitting 
parameters, but it does not follow any fixed rule. The hyperfine 
splitting constant in all the cases cited here is of the order of 
-4 -1 100x10 cm . As per ref s. 121,221, A is a measure of covalency 
or ionicity and corresponding to A = 99x10 cm obtained for 
z 
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the presently invesLl^ated sodlun formate single crystal, the 
2+ 
covalency paraaoter is 6.2% , which indicates that the Hn 
in sodium formate single crystal is ionic. 
ion 
Table 3.2-The distances and their direction cosines of Na -Na 
pairs in the unit ceil and of Na -0 pairs in one octahedron of 
the unit ceil in sodium formate single crystal. 
No of pairs distances c 
Na'*^-Na^ 
2 
2 
2 
Na'*"-0 
2 
o 
4 .57 
3 .75 
3 .43 
2 .32 
2 .72 
2. 87 
0 . 6 4 3 
0 .000 
0 .642 
: t0 .743 
± 0 . 4 9 8 
- 0 . 4 3 5 
0 .000 
±0 .867 
0 . 6 6 3 
0 .122 
0 .087 
0 . 8 4 8 
0 .966 
-0 .105 
- 0 . 3 9 1 
±0 .174 
1 0 . 9 9 9 
±0 .139 
3 4-(ii; SUPERPOSITION MODEL 
A local rearrangement of the positions and orientations of 
2+ + 
the ligands around Mn replacing Na ion in sodium formate have 
been accounted for by SPM analysis. Newmann and Urban [13] 
pointed out that the contributions to the crystal field splitting 
100 
(rero field splitting, i . e. . ZFS) arc all of short ranftc nature 
and are due to covaloncy. overlap and conf iKuration interacrtion 
which are scaled by power laws. ZFS can be constructed fro» a su* 
of the contributions from nearest coordinated atoms only. In the 
present case, ZFS paraaeters for the local configuration i are 
expressed as a SUB over the six oxygen ion neighbours. The ZFS 
terms b are written as [14,15,17]. 
n 
b"" = y K" (e.cf, ).b (R, ) (3.1) 
n L XI 1 i n 1 
where the summation runs over all nearest-neighbour ligands of 
the parajnagnetic ion. K are the spherical harmonic terns flB] 
which include the spherical coordinates of the i ligands. i.e., 
e and i. Different hormonic tenns are given in table (3.3). 
b (R. ) are the radial intrinsic parouneters and the value is 
n 1 
dctcntiiied b? the electronic processes of the interaction between 
2+ the ligand and the Mn ion. They differ for different ligands, 
i.e., oxygen, flourine. chlorine etc. The Intrinsic para»fiter 
b (R. ) and R for Mn ' ion surrounded by different kind of 
ligsuDds are listed in table (3.4) jl7] for coordination nuaber 4 
and 6. A dependcDce of the b (R.) on covaiency and coordination 
nuaber has been reported fl81 b (R ) depend on the radial 
n ] 
distance of paramagnetic ion to tljo li^ ai^ d and arc ^iven by the 
following relation [14]. 
01 
TABLE 3.3-Different order spherical coordination factors K". K 
are obtained fro« K* by substituting sin (W) for cos (mi) (18]. 
n 
K^  - s in^ cos^ 
Rj = cos^ 
Kg = 3/2 sin^O cosZ^ 
Kg = 3 sin2e co&// 
Kg = l /2(3cos^e - I ) 
Kg = b/A sin^e cos3(/' 
K? = 15/2 s i n ^ co:^ cos2^ 
Kg = 3/4 siny fBcos'^ fc' - 1) cosi> 
K^ = 1/2 cose^ (5cos^^ - 3) 
KJ - 35/8 sin^e cos4^' 
K^ - 35 sin^e cose* aos^l 
K? = 5/2 sln^y {7co5^^ - 1)co52^ 
^1 2 
K^ - 5/2 s in2e fTcos"^? - 3)coRi.'> 
K^ = 1/8 (3bcos^e - 30cos^e + 3) 
5 * b 
K? = 63/16 aiue cosbp 
^4 4 
K^ - 315/8 sin'e* c o ^ cos4^ 
R^ - 35/16 sin'^e Ocos^^ - 1) cos3j ' 
K^ - 105/2 s in^e cos? (Scos^e - 1 )cos2v'^  
K^ = 15/8 sir»y (21cos*e' - 14co5^« + Dcoa / 
K^ = 1/8 cosy (63co5^ '? - 70cos^^ + 15) 
K^ = 231/32 sin^e cos6;f 
K^ = 693/6 sin -i* co^ cosbf 
4 4 2 
Kg = 63/16 sin e (llcos e - Dcoslf 
Kg = 105/8 sin^e co^ (llcos^e - 3)co53> 
Kg = 105/32 sin^ y (35cos^« - lecos^ -^ + DcoaZp 
Kg - 21/8 siD2£^  {33cos*e - 30cos^ e^  + 5)co5X' 
Kg = 1/16 (231cos^ e» - 315cos^e + I05co5^e - b). 
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2+ TABLE 3.4- Intrinsic para»eters b„fR ) and B for Mn ion 
surrounded by different kinds of ligands for coordination nuaber 
4 and 6 [181. 
bgCR^) 
o coordination no 4 coordination no 6 
0.04 -0.04 
0.026 -0.05 
0.024 -0.034 
0.10 0.06 
0.4 0.10 
0.23 
0.20 
0.3b 
where b (R ) is the value of the intrinsic parameter for a given 
reference distance R fl7] determined by the electronic processes 
referred to and is ofcourse different for different anions, t is 
n 
the power law exponent and depends on the ligand tjrpe and metal 
ligand distance. All calculations have been done upto second 
order only with the conditions that m = 0 & n - 2. 
N 
0 
F 
CI 
s 
p 
Br 
1 
2 .10 
2 .20 
2 .10 
2 .56 
2 .46 
2 . 4 3 
2 .68 
2 .92 
r R. 
-
-
1*-
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From the cirystallographic structure [191 as discussed 
earlier, each sodiiuD ion is surrounded by six nearest oxygen 
2+ + 
ions. When the Mn ion substitutes the Na . the environment of 
2+ Mn ion is also made by six nearest oxygen ions. In the 
calculation of the ZFS parameter (b^) . by assuming that there 
are no other distortions in the lattice, the nearest six oxygen 
ions are grouped into three pairs being at distances R^  = 2.32 A. 
R = 2.72 A & Rg =2.87 A at angles e^ = lb\ e^ - 97°48' & ^ 3 = 
113' from the b-axis respectively. The calculations give b„ -
-0.0368 cm and intrinsic parameters bp(R.) = -0.0403 cm 
bpCRg) ^  -0.0133 cm~^ and b2(R3) = -0.0091 cm~^. To assign ZFS 
par2imeter, different values of lengl-hs and angles lor different 
oxygen ion pairs are tried to get the best fit with experimental 
value of bg = -0.0324 cm" . The best fit is found by R. = 2.36 A. 
Kg = R3 = 2.79 A and by angles »^ = 14 30', «^ = 96' & ^ 3 - HiJ 
resp>ectively. It entails in R. . an increase of 1.79\ in bond 
length and angle change from 15 to 14 30'. in Rg an increase of 
2.72% and angle change from 97 48' to 96 and for R,. decrease of 
2.5BX and angle change from 113 to 115 . Taking these values of 
lengths and angles, the ZFS parameter (b?,) is calculated and 
found to be equal to -0.0327 cm , which matches very well with 
the experimental bg = -0.0324 cm and the intrinsic parameters 
are found to be bgCR^) = -0.0358 cm""^ , *'2^^2^ ^ ^ 2^S^ ~ -0-0111 
- 104 -
cm . Thus the SPM analysis indicates that there are some extra 
2+ interactions involved between the Mn ion and the oxygen ions 
+ 2 + 
after substituting Na ion by Mn ion. The SPM investigation 
provides a justification for the tetragonal environment of doped 
2+ Mn ion as revealed by the spectrum. 
3.5 CONCLUSION 
2+ Finally, we have concluded that Mn ions occupy two 
magnetically equivalent sites I & II amd are differently oriented 
at 35^ with respect to the b-axis an either side in a b- plane. 
2+ Sodium ion is substituted by Mn ion and the principal axes of 
the complexes are directed along Na -Na pairs. Large value of 
hyperfine constant indicates much ionicity. SPM analysis shows 
slight change in the geometry of the crystal after doping, such 
''s in R. . an increase of 1.79% & angle change from 16" to 14.5" 
and an increase of 2.72X in K^ & angle change from 97.8° to 96" 
and for R^, decrease of 2.58% & angle change from 113' to 115 , 
The calculated ZFS and intrinsic parameters are b^ = -0.0327 cm 
and b'CRj) = -0.0358 cm~^ ^"(Rg) = ^2^'^^^ - "0.0110 cm"^. On 
comparing the reported EPR results of alkaline earth formates 
with the present study, these were found to have no systematic 
2+ diffrence as noted in the study of VO Ion doped in sodium 
formate-
IC) 
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CHAPTER IV 
o. 
EPR 5TUDU OF MN"-" ION DOPED IN POTASSIUM OXALATE MONOPERHVDRATE 
SINGLE CRY'STAL 
108 -
41 INTRODUCTION 
2+ In diamagBetlc hosts, the Mn* ion has found wide use as an 
extreaely powerful EPR probe in the study of strength and 
syiBBBetry of crystalline field, lattice defects and structure of 
p>arafliagnetic coaplexes f 1-101. In the present paper. we ref>ort 
the results of the EPB study auad sui>erposition model analysis of 
2+ Mn complexes in potassium oxalate monoperhydrate (KpC«0. .Hr>Op; 
hence-forth POMPH) single crystal. It was Bore interesting 
2+ because an EPK study of its counterpart,i.c.. Mn ion doped 
potassium oxalate monohydrate (KpCpO..H„0; hence forth POMH) has 
already been investigated [101 smd a comparison between the POMPH 
and POMH crystals would be very informative as regards the role 
played by an additional oxygen ion per formula unit in the former 
crystal over the latter. The coaparison would be very Meaningful 
because the crystals are isotypic and have the same nuaber of 
•olecules per unit cell [11.123-
4.2 CRYSTAL STRUCTURE 
The crystal structure of POMPH and POMH is •onoclinic with 
space group C„. (13,121. The unit cell dimensions of POMPH and 
POMB are (a -: 8.858. b :- 6.505. c - 10.872 "A. R = 108.38'^  & z - 4) 
and ( a - 9.236, b - 6.190. c = 10.694 \ , (1 - 108.38'^  & s 4) 
respectively. The oxalate radical is centrosyiMiietric and planar in 
both the crystals. Potassium, oxygen, carbon and hydrogen atoms 
•A-Partial content of this chapter is accepted in Polyhedron (1994) 
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for both the crystals are placed in special positions which are 
described by the following syaunetry relations: 
8(f) - ±(x.y.2; x,yz+l/2; x+l/2,y+]/2. a; x+1/2.1/2-y, B-H/2 ) 
where, x, y &. z of each atoms are given in following table: 
poMPn 
K 
^1 
^2 
S 
C 
H 
POMH 
K 
°1 
°2 
0 . 
c 
B 
J 
0.360 
0.112 
0.304 
0.453 
0.226 
0.516 
0.136 
0.125 
0.319 
0.000 
0.235 
0.034 
Y 
0.342 
0.250 
0.478 
0.003 
0.318 
0.903 
-0.331 
0.228 
0.014 
0.005 
0.174 
0.097 
Z 
0.364 
0.086 
0.091 
0.182 
0.051 
0.146 
0.133 
0.091 
0.092 
0.250 
0.052 
0.193 
In POMPH structure, each potassium ion is surrounded by 
eight oxygen neighbours ( two 0. and four 0„ from four different 
oxalate ions and two 0„ from QpO« molecule) in distorted 
dodecahedral arrangement at distances ranging from 2.708 ii to 
2.997 'A, while. in POMH structure, each potassium ion is 
surrounded by eight oxygen neighbours (three 0. amd four 0.-, from 
no 
four oxalate radicals and one 0^ froa H„0 Bolecule) at dls'tances 
ranging fro« 2.760 % to 3.030 %. 
4.3 EXPERIMENTAL 
POMH was sintered at 100 C for 12 hours and furnace cooled 
to rooB teMperature fRT). It was then dissolved in perhydrol 
(30X-HpOp). Crystals of POHPTi were grown by slow evaporation at 
fiT. Manganese chloride was added in the solution to supply 
dopants. Good quality and light pink transparent crystals were 
obtained. The morphology of the crystal was the same as referred 
to by Pedersen and Kvick [111- The composition of the crystal was 
checked by chemical analysis. The spectra were recorded by 
mounting the crystal on a quartz rod and rotating it along three 
orthogonal axes a. b and c (c - c sinjB) in turn and the 
recording was done at every 10 of rotation about these axes. 
4 4 RESULTS AND DISCUSSION 
4.40) ELECTRON PARAMAGNETIC RESONANCE 
2+ The observed EPR spectrum is due to Mn ions as 
characterized by the known fine and hyperfine structure (see 
2+ fig.4.la) and may be attributed to two Mn sites (called I 4 II 
hence forth). The EPR spectra of Mn' ions are described below. 
When an external magnetic field (H) is applied along the 
c -axis in the ac -plane, the spectrum shows only thirty lines 
with five sextets as shown in fig.(4.1b). On performing the 
5/2-*3/2, 3/2-^ V2, 1/2-^-1/2, -1/2-^-3/2. -3/2—-S^2. 
J r . I I I I • I I I I I T-r-T-r-r-T ' I 1 ' > ' r-r-T-r-T-1 
J J I 1 I I I I I I I I I I r-rr-r-T-T ' i ' ' ' ' ' ' ' • ' ' 
Fig.4.1 The EPR snectra of Mn ion doped in POMPH sin^^le cr\'stal at tuK) oricn-
tations of maenetic field H in ac -plane. 
(a) H is at 5" off c -axis shoulnq tux) sites I & II with five sextets. 
;b) H is along c -axis shouln^i thirty lines with five sextets. 
112 -
emffular variation study in this plane, much variations in fine 
structure parameters due to site II and less variations due to 
site 1 were observed. In the bc-plane, greater variations in fine 
structure splitting due to site I and less variations due to site 
II were observed. In the ab-plane. when H is along 25 off b-axis 
towards a-aixis, the spectrum shows maximal spread of site I and 
is shown in fig. (4.2). At maximal spread spectrum of site 1, the 
site II has small spread confined to near central region and 
therefore, the central region becomes quite congested. On 
performing the angular variation study in this plane, other 
maximal spread spectrum due to site II is observed at 5 away 
from a-axis towards b-axis. In each plane, two more sites are 
also seen, but their intensities are -very weak £ind could not be 
followed through. 
Observed spectra due to both sites have orthorhombic 
3j ••! try. Since EPR in general does not distinguish between 
orthorhombic and lower symmetries [2,10,131, the crystal field 
symmetry at the Mn site may be either orthorhombic or more 
probably lower. Fig.(4.3) shows the angular variation of the 
allowed fine structure transition (Am = -1) of one of the 
2+ 
magnetic complexes of Mn ion (site I) in ab-plane. 
The EPR spectra could be analysed by using spin-Hamlltonian 
r2,14] of the form of the equation (1.23). The spin-Hamiltonian 
parameters were calculated by using the equation (1.24) and 

^0 
ANGLF (9) 
Fig.4.3 - Antiilar variat ion of F^PR spectra o£ one of the >na3netic conplexes of 
Mn' ion at site I in ab-plane. Dots are the experiTiental vaiues. 
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fitted by an iterative least squares method and given in table 
(4.1). For comparison, the values for POMH are also Riven there. 
It is clear that the Mn" site shows the orthorhombic distortion 
of the crystalline field (h^ f 0). 
On the basis of the crystal structure, we have attempted to 
2+ 2+ 
locate the positions ol sites I & II of the Mn ion. If the Mn 
ion is assumed to enter the lattice substitutionally for the 
K ion, the symmetry of the observed spectrum should match the 
syMoetry of the crystal. In our experiment, the syaaietry of the 
observed spectrum does not agree with the symmetry of the 
crystal, thus ruling out the possibility of substitutional 
replacement. 
2^ 
TABLE 4.l-CcMBparative values of spin-Hamiltonian parameters of Mn 
ion doped in POMPH and PCWH single crystals (all parameters are given 
in the units of xlO cm ) 
System g T~^ ^ ^^ b? b^ A~~A A ~e ~t R^f 
X y z 2 2 4 X y 2 
POMPH 2.0010 2.001b -440 150 0.1959 97.5 98.5 25^ ^ 30*^  present 
work 
POMH 2.0039 2.0065 -383 225 0.34 84 82.8 54' B4'' jlO] 
2+ An alternative is that the Mn ion occupies an interstitial 
site in the crystal lattice. In each unit cell, there are four 
rectangular planes of oxygens. All the ploines are identical with 
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aides of lenKth 2.71 "A x 3.28 A and they for» two sets oriented 
2+ differently. The favoured positions for the incoirporation of Mo 
+ + i»purity are the centers of nearest K -K distances after 
displacing 2K ions for reason of charge compensation. The center 
of 2K ions aJso lie at the center of these planes. With this 
2+ position of Mn ion. its immediate oxygen ion environment was 
examined assuming that no other distortions take place in the 
2+ lattice after incorporation of Mn . On examining the crystal 
2+ 
structure, the immeciiate environment of Mn ion is constituted 
by twelve oxygen ions, four oxygens Oi.Op and Oi-Op coming from 
two oxalate radicals ^^XId the other eight oxygens (all indexed as 
2-f 0 ) from HpOp molecules. The environment of the Mn ion and the 
indexing of the oxygen ions is shown in fig (4.4). As seen in 
2+ 2+ 
fig.(4.4), the nearest oxygen ions (Mn 0^  & Mn "0') and 
(Mn -0„ & Mn -OA) occur in pairs at distances of 1.98 A and 
2.26 A oriented at 59 & 5 off a-axis towards b-axi.'i 
2+ 
respectively. The maximal spread spectrum of Mn -cc«plex (site 
I) is at 65 from a-axis in ab-plane, which shows that the 
magnetic complexes are directed towartis the nearest oxygen ions 
0-^ o-j o-i- o J. 
from Mn^ ' ion (Mn -0. or Mn -0' ). The second complex of Mn ion 
(site 11) is magnetically equivalent to that the first complex 
(site I), that is, the spin-Uamiltonian parameters for both the 
complexes are the same but the principal axis of the second 
complex (site II) is directed along Mn -0. or Mn^^-0' vector of 
o 
=< 
X 
c 
I 
o 
CO 
J -
o 
"a 
c 
o 
•r-l 
O 
O 
u 
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r" 
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•J-
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the other set of equivalent planes as discussed earlier. A little 
mismatch between the calculated directions of principal axes fll] 
and the observed principal axes ttay be due to the fact that when 
2 + the Mn ion is incorporated, a little rearrangement takes place 
in the lattice. Hence it can be concluded that the Mn ions 
enter interstitial positions at the centers of the shoi-tcst K -K 
disteuaces in the lattice of E*OMPH single crystal. 
4 4-(M) SUPERPOSITION MODEL 
A little departure between the theoretical and experimental 
2+ PKJsitions and orientations of the ligands surrounding the Mn 
ion have been accounted for by superposition model (SPM) 
calculations. Newmann and Urban \9^ pointed out that the zero 
field splitting (ZFS) is mainly due to contributions from the 
nearest neighbours and proposed the empirical SVfi relating the 
fine structure constant (bp) to the actual arrangements of 
ligands around the impurity ion with S-state as the ground state 
[lb, 17]. Theory of SPM analysis have been described in detail in 
the third chapter {see section 3.4(ii)}. 
2+ The ZFS parameter is calculated by assuming that the Mn 
ion occupies the central position of the nearest K -K dl5t2ince 
after displacing two R ions and no other distortions take place 
2 + in the lattice. In this situation, the environment of the Mn ion 
is made by twelve oxygen ions, four oxygens are nearer and the 
other eight oxygens are at larger distances;fig.(4.4). The nearer 
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four coordinated oxyKens are grouped into two sets being at 
distances R. = 1.98 ^  & R = 2.26 ^  at angles e^ - 59° & ^ 2"^^ 
from a-axis in ab-plane respectively. The contributions from the 
farther eight oxygen ions are of very small maitnitude and honce 
neglected. The ZFS parameters (b^) and intrinsic parameter.'s 
br,(R ) are calculated by using the equations (3.1) and (3.2) 
c o 
respectively. The calculation gives b„ - -0.0362 cm and 
intrinsic parameters b2(R^) = -0.1217 cm"'*^  and b~(R.^ ) = -0.0487 
cm . To assign ZFS parameter, different values of lengths and 
angles for different oxygen ions are tried to get best fit with 
the experimental value bp(-0.0440 cm ). The best fit is found by 
Rj = R = 2.20 % and e - 65"^  & a = 5° respectively. It is found 
2+ that an increase of about IIX in bond length for oxygen (MB "^1^ 
(from 1.98 % to 2.20 A) causes the angle 0 chcmge to 65 from 
59' , but for (Mn "Oo^ decrease of about 2X in bond length (from 
2.26 A to 2.20 A) does not change the angle. Taking these angles 
euid lengths, ZFS parameter b„ is calculated and found to be equal 
to -0.0448 cm which matches very well with the experimental b„ 
= -0.0440 cm~^. 
Before attempting a comparison between the surrounding of 
2+ 
the Mn sites in POMPB and POMB, a trivial mistake must be 
pointed out which the author of the paper on POMH flOl has made 
in the selection of the dimensions of the plane, where the MD 
ion has been accomodated in the lattice. As shown in fig.(1) of 
- 119 -
ref.flOl reproduced below for clear understanding as fig.(4.6). 
2+ here, the position of Mn ion impurity la correctly shown at the 
center of the 3.27 ^ x 2.02 % rectangle designate*! by Oi02°i^Z 
but the diaension of this rectangle has been incorrectly 
mentioned as 2.23 ^  x 2.71 ^ by Jain in POMHrMn^ "^  \\0^ . Actually 
the dimension of this rectangle O^O^Op^ is 3.27 ^  x 2.02 % [ 121. 
From the crystal structure of POMH. we found that the reported 
rectangle with dimension 2.23 ^  x 2.71 ^ is formed by .joining 
four oxygen ions of the same oxalate radical and as the single 
and double bonds of the oxalate radical are in the 
trans-positions, the center of this rectangle coincides with the 
2+ 
mid point of the C-C separation which can not accomodate the Mn 
ion. In the description of the rectangle at the center of which 
2+ the Mn ion is situated, Jain has been influenced by another 
work on POMH fl8], where the same mistake had been done earlier. 
2 + In POMH, the Mn ion is found to occupy the center of the 
rectangle (OjOgO'O*). where two oxygen ions (O^Op) are 
contributed frc«n one oxalate radical and (O'O') from another 
oxalate radical, fig.(4.6). The second rectangle with dimensions 
as 5.56 A X 6.48 A, whose corners are occupied by oxygen ions 
contributed by H.^ O molecules designated as 0„ forms the second 
coordination polyhedron. The position of the Mn*^ ^ ion is also at-
the center of this rectangle. The centers of these rectangles are 
coincident and they are inclined to each other at an angle of 
^ K O n c 
Fie .4 .5 - Proiection of the P3:^ [H sin^li^' crvstal stiTictiire on the ac-pl.^ne. 
oirect ion rci^rescnts tri:- Principal axis oi Mn" co-plex li'^ . 
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Fig.4.5 - Pro lection of the ato-^ ic positions of the coordination spheres of Mn~ ion 
9-
in POMH:Mn^ in ab-plane. 
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83"^  . This common center which is occupied by the Mn ion, is 
+ + + 
also the mid point between two nearest K K ions. These two K 
ions are associated to two oxalate radicals contributing Ot-Or, & 
01.OA oxygen ions respectively in the OjOgOjO' rectangle. 
2+ In POMl^ H, the Mn ion occupies the center of a rectangle 
(OjOgOJO^) with dimension (2.71 'A x 3.28 %) defined by four 
oxygen ions; 0-.0„ and 01.0' are contributed by two oxalate 
radicals. Because POMPH &. POMH are isostructural, there is a one 
to one correspondence between the rectangle with dimension (2.71 
^ X 3.28 "A) and the rectangle (2.23 1 x 2.71 %) defined in POMH 
as shown in fig (4.4) and (4.5). In Pi^ MH, the four oxygen ions 
(0„) are contributed by four surrounding B^O molecules lying in 
2+ the second coordination sphere of Mn' ion. but in PCWPH. there 
are four next nearest neighbours of UpOp naolecules each of which 
possesses two oxygen ions and thus second & third coordination 
spheres may be thought to exist (fig.4.4). The near set of four 
2> 
oxygen ions (0„) of HpOr, molecules with respect to Mn ion 
define a square with dimensions 5.48 % X 5.48 % and the farther 
set of four oxygen ions (0„) define a rectangle with dimensions 
5.46 % X 7.96 %. The center of both the rectangles (2.71 ^ 3.28 
%) and (5.46 % x 7.96 %) and the square (5.48 ^  x 5.48 %) arc 
coincident. The square and rectangle defined by the oxygen ions 
of HpO„ cut the smallest rectangle at angles of 71 and 96 
respectively. As in POMH, here also, the common center is the mid 
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point between the nearest K -K Ions and K -K vector (fig.4.4) 
has polar angle 0 - bb and 'P ~ 50 with K -K separation = 3.81 
A. (where ^ is the angle between the Z-axis and the b-axis, and P 
Is the angle between the a-ajcis and the projection of Z-axis on 
the ac-plane). 
The main differences between POMH vs PCWPU are that in the 
2+ former, there are two nagnetically equivalent Mn complexes with 
different orientations and the principal direction of one of the 
magnetic complexes is parallel to the K -K vector shown in 
fig.(4.6) with e = 56 and ^ - 65 (where they arc referred to 
the same etxes as indicated above) and the separation between the 
2K ions equal to 3.70 A. The principal axis of the other complex 
is directed along the K -K vector of the other set of the 
equivalent plcines in the unit cell as described earlier. In 
2 + 
POMPH, we have also found two magnetically equivalent Mn 
complexes with the principal axis of the one complex directed 
2+ o 
along Mn - 0 . as shown in fig.(4.4) with polar angle 9 - 2b and 
•t> = 30 . The principal aixis of the other complex is directed 
2+ 
along the Mn -0^ vector of the other set of the equivalent 
planes in the unit cell. 
The difference in the values of spin-Hamiltoniaui parsuneters 
as shown in table (4.1) must have been the result of substitution 
of H„Op in place of HpO. Besides differences in spin-Hamiltonian 
parameters in POMH & POMPH, there has been a remarkable change in 
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the direction of the principal coaponent of the •a/?netic 
coMplexes in the two cases; along K -K direction in POMH and 
2+ 
alonR Mn O^  direction in POMPH as ahovm in the figs.(4.5 4 
4.4). Tfiis can be understood by considering the size of the 
2 •• 
saallest rectangle fOjOo^ l^ P^ surrounding the Mn ion and the 
di3ix>sition of the nearest K -K vector in the two cases. which 
in turn might be related to the disposition of oxygen ions in the 
second and third coordination spheres as shown in the figs.(4.B f^ 
4.4). In other words, it can be inferred as that because H^Oo is 
bigger in size and has greater dipole monient than that of H„0 the 
2+ diaensions of the snallest rectangle surrounding Mn ion in the 
two cases become quite different and this in turn may account for 
differences in the results obtained in the two cases. The charge 
distribution arround Mn ion seems to be quite affected in 
substituting BgOg for HgO or in going fro« POMH to POMPH. which 
will be actually responsible for difference in all parameters. 
4-6 CONCLUSION 
We have concluded that there are two magnetically equivalent 
sites I and II for Mn ion in POMPH, which are differently 
2+ 
oriented in the lattice.The Mn ions enter the lattice of PCH^ PH 
at interstitial positions at the center of K^-K^ f3.81 A). SPH 
analysis gives significant change in the arrangement of atoms in 
the crystal after doping, i.e., an increase of about 11% in bond 
- ^7^> 
2+ o n 
IcEurth lor K. fttn -O. ) and the angle chan«e fron b9 to 65 and 
2+ for Rp f^ -0„), decrease of about 2% without any change of 
angle. ZFS parameter (b^) is found to be equal to -0.0448 cm 
which Batches very well with experiaental b° - 0.0440 cm 
Differences between POMPH and POMH are mainly obsei-ved in the 
2 + direction of the principal axes of the Mn complexes. i.e.. in 
POMPH. the principal axes are along shortest Mn -O while. in 
POMH, the Z-axes are along K -K direction. These differences in 
the orientation of the principal axes in the two systems are 
explained due to the presence of H„0„ in place of H„0 
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CHAPTER V 
STUDY OF Cu^^ ION DOPED IN POTASSIUM OXALATE MONOPERHYDRATE 
SINGLE CRYSTAL 
- 129 -
51 INTRODUCTION 
The 3d configuration of Cu^* is of interest in transition 
•etal complexes because they present a relatively simple one hole 
system by means of which it is hoped to obtain information about 
the electron wave function in the llgand field. KPR and opticaJ 
2+ 
properties of Cu ion doped in a variety of host lattices [1-61 
have been studied. In the present chapter, we report the results 
of the EPR study of Cu^ "^  ion doped in potassium oxalate 
•onoperhydrate ^KgCgO^.H^Op; hence forth POMPH) 3in>;le crystal. 
It was more interesting because its counterpart Cu^ "*^  ion doped 
potassium oxalate monohydrate ^^2^^^'^^^\ hence forth POMH) has 
already been investigated f71. As discussed in the previous 
chapter, we will asses the differences that arise on replaceaent 
of HgOg in place of HgO. 
The crystal structure of both POMPH and POMB has been 
decribed in the chapter (4.2) as have been given in refs r8,9]. 
f) 2 EXPERIMENTAL 
The crystal growth of POMPB is described in the previous 
chapter (4.3). In the present case, copper sulphate was added in 
the solution of POMPB to supply the dopants. Good quality, 
colourless, transparent crystals were obtained. All computations 
were done on the computer system VAX W digital. 
-k partial content of this chapter is accepted in Spectrochimica 
Acta A (199^) in press. 
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53 RESULTS AND DISCUSSION 
2+ EPR spectra of Cu ion doped POMPH slnsle crratal are shown 
in fig. (5.1) at various orientations of Ma^ nietic field B in 
be -plane. Fig.5.1(i) shows the eight lines which could be 
divided into two quartets, say I and II. One of tbea is of wcai 
intensity (called complex 1) and the other of strong intensity 
(called II). This spectrua shows the presence of two copper 
complexes in the lattice. The spectrum indicates that both 
quartets become equivalent when H is along crystallographic 
c -axis as shown in fig.5.1(ii). When magnetic field is along a 
direction 20 from b-axis in be -plane, one quartet (complex II) 
has collapsed into single line with strong intensity as shown in 
fig B.Kiii). In be -plane, angular variation study reveals that 
anisotropy in the hyperfine structure as well as g values is 
higher in complex II than in complex 1 as seen from fig (5.2). 
The maximal spread spectrum due to complex 11 is found at an 
angle 50 from b-axis towards c -axis (fig.5.3). 
When magnetic field is lying in the ca-plane. i.e.. crystal 
is rotated about b-axis, the maximal spread spectrum due to 
complex I is found at an angle bO° from aaxis as shown in 
fig.(5.4). Angular variation plot in ca-plane as shown in fig.(5.5) 
shows that the complex I is more anisotropic in comparison to 
complex II. But in the ab-plane, the angular variation 
investigation shows that hyperfine structure and g values are not 
3 
o 
-,-1 
u 
^ 
3 
dJ 
_ j 
rD 
CT3 
u 
Jj 
>^  
>-a 
^^  
• r -1 
[ 
•^ 
a: 
• ^ 
X 
1 
1 
••"^ r" /-> 
^ 
•r-l 
a-
C 
0-
0) 
O 
+ 
CNJ 
0 
O 
o 
en 
1-
u 
o 
o 
0) 
c 
t — I 
o 
o 
•r-l 
•r-l 
•r^ O 
C3 
r- l O 
•r-l CD 
a 
1/1 
»i 
a-
UJ 
U-l 
o 
•r-l 
u 
<D 
c: 
ro 
r; 
•H 
!T3 -r-l 
X 
TO 
. ; ; 1 
O 
cn 
>-4 
T; 
3 
O 
•r^ 
X 
TO 
I 
Xl 
E 
o 
•f-i 
20 ^0 60 80 100 120 1^ 0 160 180 
ANGLE (e*) 
Fig.5.2 - Angular vairation of the field positions of 
hyper fine lines of EPR spectra due to both the 
complexes I and II in be -plane. 
QJ 
C 
ro 
I 
u 
X 
TO 
I 
X) 
E 
o 
O 
00 
c 
TO 
c 
TO 
U 
TO 
3 
O 
X 
a. 
c 
C 
X 
0) 
f—I 
Cl. 
E 
o 
o 
c 
E 
u 
u 
o 
DC 
TO 
a 
E 
X 
TO 
I 
rl 
in 

0 20 40 60 80 100 120 UO 
ANGLE O') 
160 180 
Fig.5.5 - Angular variation of the field positions of 
hyper fine lines of EPR spectra due to both 
the complexes I and II in c a-plane. 
- 134 
much anisotropic for both the complexes as shovm in fig.(5.6). 
2+ The EPB spectrtun for Cu complexes cam be described by 
general spin-Bamiltonian of the form of the equation (1.16) with 
5 = 1/2 and 1 = 3/2. The angular variation plots of g"^  and g^A^ 
values in three orthogonal ab. be and c a- planes for conplexcs 
1 and II are given in figs.(5.7 and 5.8) and are used to find out 
the principal values and their direction cosines by using the 
equations of Billing and Hathaway 110] which is simplified form 
of equations by Gausic-Brown [111 (see equations 1.27, 1.28. 1.29 
6 1.30 of chapter 1). The principal values and their direction 
cosines are evaluated for both the complexes and is given in 
table (5.1). Different values of hyperfine constants (A) and the 
spectroscopic splitting factors (g) show that both the complexes 
are magnetically inequivalent. It is also evident from the table 
(5.1). that the direction cosines of g- and A- tensors are quite 
different for complex I but not so much different for complex II. 
The non-coincidence of g- and A-tensors may be attributed to the 
low symmetry 112-141 of the copper complexes. 
0 20 /.O 60 80 100 
ANGLE (6') 
120 UO 160 180 
Fig.5.6 - Angular variation of the field positions of 
hvper fine lines of EPR spectra due to both 
the conplexes I and II in ab-plane. 
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Fig.5.7 - •^•n^lar \'BT:nZ-'n oi the c" am p^ \~ values in ab. be and 
c a-planes lor connlex I . 
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Fig.5.8 - Aiy:ular var ia t ion of the p~ and g A^  values in ab, be" and 
c a-planes for complex I I . 
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TABLE-6.1 Spin-HamiltonIan parameters and direction cosines for the 
Cu*^"*^  ion doped in single crystals of POMPU and POMH. 
Systesis _- - Direction cosines g-tensors 
(xlO cm ) 
Direction cosines 
POMPB 
site 
site 
POMH 
site 
site 
1 
11 
I 
II 
A = 14.7 
A*= 16.1 
A^=169.2 
z 
A - 15.3 
A^r 15.3 
t7- 173.4 
7. 
A = 1.0 
A^- 10.6 
A^=136.8 
2 
A = 4.1 
A^- 6.5 
A^ :^ 142.5 
-.5068 
-.5130 
.6928 
.0658 
.9584 
.2779 
.000 
.000 
1.000 
.010 
.677 
.707 
.4170 
-.5575 
.7179 
-.6880 
-.1581 
.7083 
.709 
.705 
.000 
.756 
.487 
.437 
.7645 
.6527 
.0687 
.7228 
.2378 
.6489 
-.705 
.709 
.000 
.655 
.552 
-.517 
« „ = 
«^= 
< ^ 
«*-
< = 
< -
^^-
^--
< -
2.1463 
2.0900 
2.3516 
2.0826 
2.0732 
2.3333 
2.0562 
2.0735 
2.3248 
2.0761 
2.0701 
2.3306 
-.1894 -.3378 .9220 
.7375 -.6688 .0935 
.6482 .6623 .3758 
.0273 -.6509 .7587 
.9822 -.1237 .1414 
.1859 .7491 .6359 
coincide with A-
tensors 
coincide with A-
tensors 
2+ There are two possibilities for Cu ion to enter the 
lattice, either substitutionally or interstitially. The most 
likely substitutional site is K but in that case, it should 
remove the nearest K ion because of the considerations of charge 
compensation fl51. If it is so. then the g- and A-tensors of the 
complexes must have their unique axes pointing towards the 
2+ + 
Cu' -nearest K -vacancy, which is not the case here. Another 
2+ + 
possibility is that Cu replaces one K ion (creating one 
K -vacancy at a large distance) auid the magnetic vector is 
2+ directed towards the direction .ioining Cu ' to one of the closest 
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oxygen Ions. There are eight oxygen ions surrounding each K in 
the iounediate vicinity. T)ie direction cosines of g- and A-tensors 
obtained froai the EPR study of both complexes do not coincide 
with aay vector joining K to any one of the nearest oxygen ions, 
thus further eliminating the chances of subtitutional 
incorporation. 
2+ Another alternative is that Cu ion occupies an interstitial 
site. In each unit cell, there are four rectangular planes of 
oxygens. All the planes are of the sane diaenslon with sides of 
length 2.71 A x 3.28 A but they form two sets of two planes each 
oriented differently. The favoured positions are the centerij of 
+ + + 
nearest K -K distances after displacing both K ions for reason 
of charge compensation. With this position of Cu ' ion, its 
immediate oxygen environment was examined assuming that no other 
distortion takes place in the lattice. The immediate environment 
2+ 
of Cu ' ion is constituted by twelve oxygen ions, four coming from 
oxalate radicals and the other eight from HoOp molecules. The 
2+ 
environment of Cu ion in this position is shown in fig.(b.9). 
As seen from fig. (5.9) the nearest two ty-pe of oxygen ions. 0. 
2+ 2+ 2+ 2+ 
and 0„ (Cu ~0^ , Cu -0' and Cu -Or,. Cu -OA) occur in pairs at 
the distances of 1.98A and 2.26A. The direction cosines of the 
2+ g-tensors of Cu complexes at the two sites nearly coincide with 
21^  
the direction oi the nearest oxygen pairs (Cu -0. ) in two sets 
of equivalent plcines as discussed earlier. A little mismatch may 
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2+ be due to the fact that after Cu ion gets incorporated, a 
little rearrangement takes place in the lattice. Hence it can be 
2+ logically concluded that the Cu ion is entering in an 
interstitial position in the lattice of POMPH. 
5.4 GROUND STATE WAVE FUNCTION 
The most general expression for the ground state wave 
2+ 9 
function for Cu ion (3d ) given by Rao and Narayana [16] is 
* r ( a'^ )[a:' x^- y^ > + f3J3z^-r^>] (5.1) 
2 
where i'-' is the covalency parameter which indicates the 
probability of finding electron-spin density on the metal 
2 2 
d-orbital, and o & fl are the mixing coefficients for the | x -y > 
2 2 . . 
and 3z -r > orbitals, respectively, linked by the normalization 
condition 
2 2 
a + p r 1 (5.2) 
The express ions, f o r g, and A, [17] as modi f ied by Rao and 
Narayana [16] are 
r >2, 2 , 2 , 2 „ 2 . , , 1 f 3a + V3 [i] . . , 
A, = P,L-^' k. - a' (a -p ) . ( g ^ - g ^ ) - _ ! , _ V 3 f 3 / V ^e^ > 
73 P , , 4-/3 a '^an . 
+ — — ^ (g - 9 ) - = • J , 
140i z e 7 J 
2 ' 
•/3 [3 , , 473 a ' af] . ^ i (9 - 9 ) + ^ 1 and 
7 P 7 J 140( z e
1A2 -
nj 
r ,2, 4 ,2 ? ^2^ , ^ 1 r 3a + Va [3 
. 1 f 'i'iv -V3 (1 1 , , T 
(g - 9 ) y e 
14 
2 
which contain four unknown quantities a' , a, P and k. 
The normalization condition has been used as a fourth 
equation and the above four parameters have been evaluated using 
- 3 
an i t e r a t i v e method. Here, p. = q P g f 3 < r > whose numerical 
/ " e e n n 
-4 -1 
value is 360x10 cm . In eqn.(5.3), there is uncertainty in the 
signs of hyperfine coupling constants A , A , 4 A because they 
X y z 
can not be obtained by experiment. This deficiency is overcome by 
2 
the fact that the parameters a' and k in eqn.(5.3) must be 
always positive. Different combinations of signs of the hyperfine 
coupling constants A.'s are considered and those which give 
2 
positive values of a' and k are selected. The correct wave 
function is chosen by comparing the experimental 6g -{Q -Q ) 
^exp y "x 
and ifiQ ^ , wh ich i s obta ined using the formula given below [13] 
' cal 
2V3a[i (q +q -2q ) ( 5 . 4 ) 
2 ^2 ' - X - y - e 
a +[3 
Thus the ground state wave functions for POMPH doped with 
2 + 
Cu lattice were found to be 
•I = (0.98) [o.999'x -y > + 0.014,3z -r >] for site I (5.5) 
•4 / o 0 0 0 0 
I = (0.93) [o.996jx -y > + 0.07l'3z -r >] for site II (5.6) 
2+ 
In the EPR study of POMHrCu , Nettar & Subramaniam [7] have 
interpreted the spectra as arising due to two magnetically 
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2+ inequivalent, interstitial sites for Cu . each aurroimded by 
2+ orthorhoMbic crystal field . ID the present study on POMPH:Cu 
we also found two magnetically inequivalent, interstitial sites 
2+ for Cu surrounded by orthorhombic crystal field. So the results 
2+ 
of Nettar & Subramaniam in POMH:Cu was taken for coaparison 
2+ 
with these results of P()MPH:Cu to assess the effect of the 
presence of Hr>0^  in place of H^O. 
Takini? the EPR data of POMIJ-Cu^ ^ fro« ref.|7| as presented 
2 in table (b.l). we calculated all the paraj»eters «' , o«. fl & k 
for this systen also and these results are presented in table 
(5.2). Based on these calculations, the ground state wave 
functions for the two sites in this system are 
* - (0.82)^^^[0.998jx^-y^> + 0.036j3z^- r^>] for site 1 (b.7) 
* = (0.84)^^^[0.999|x^-y^> + 0.012|3z^- r^>] for site II (6.8) 
2+ TABLE 6.2- A-values and ground state parameters £or Cu ion in 
single crystals of POMPH and POMH [proper signs given to A-values ] 
o t x y z a ' a ft k fig , fig 
Systems -A -^ ^*1 exp 
( xlO cm ) 
POMPH 
site I -14.7 16.1 -169.2 0.93 0.996 0.071 0.39 0.0556 0.0563 
site II 15.4 lb.3 173.4 0.98 0.999 0.014 0.30 0.0078 0.0094 
POMH 
site I -1.0 10.6 -336.8 0.82 0.998 0.035 0.32 0.0153 0.0173 
site II 4.1 6.5 142.5 0.84 0.999 0.012 0.33 0.0058 0.0060 
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2¥ 
VHien attempt is made to compare the surrounding of Cu ' ion 
2 + dopant and the nature of the Cu sites in POMH & POMPIl and thus 
assess the effect of substitution of Hr)0„ in place of n„0, it is 
2 + found that the interpretation of the EPR sp>ectruBi of Cu ion 
doped in POffl single crystal reported in the ref-F?] is quite 
superficial without casting any aspersion of the experimental 
2+ 
results, and the inference about the site symmetry on the Cu 
ion in P O M is rather wrong as has been noted in the previous 
2+ 
chapter also. According to them. Cu ions occupy the centers of 
two rectangles in the unit cell which are identical in size 
2.23^ X 2.71^ but oriented differently. The rectauiglea of this 
dimension can be formed by joining the four oxygen ions of the 
same oxalate radical. As the single and double bonds in the 
oxalate radical are in trans- position, the center of the 
rectemgle coincides with mid point of C-C separation which can 
not accomodate Cu ion and hence the analysis is rejected. 
Going by their own direction cosines proposed for g- and A-
2+ tensors (table 5.1), the correct position for Cu ion is found to 
be the center of a rectangle 2.03 A x 3.27 A, and defined by four 
oxygen ions, two each being contributed from two oxalate 
radicals. It also coincides with the center of the two nearest 
K -K ions from the two oxalate radicals. Considering the second 
2+ 
coordination sphere, Cu ion is also at the center of another 
rectangle (5.56 %. x 6.48 %) defined by the oxygen ions of the 
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nearest H„0 molecules aind these two rectangles intersect at an 
angle of 83*. The surrounding of the Cu ion doped in POMH is 
depicted in fig.(I>.10). The principal values of g- and A- tensors 
lor site 11 is directed along Cu -0. in one pair of the pJ ann:^  
2+ find for site 1 is directed along Cu -O. in the other pair of the 
planes. 
2+ In the case of PCMPB, Cu ion occupies the center of the 
rectangle (2.71 A x 3.28 %) defined hy four oxygen ions, two each 
contributed by two oxalate radicals and lying at the mid point 
joining the nearest K -K ions from the two oxalate radicals 
2+ fig.(b.9). The Cu ion also lies at the centers of a square 
(6.48 "A X 5.48 %) and a rectangle (6.46 %. x 7.96 %) defined resp-
ectively by one set and the other set of oxygen ions of the 
nearest H,,Op molecules. The square and rectangle defined by the 
oxygen ions of the H„0„ cut the smallest rectangle surrounding 
Cu ion at angles of 71 and 96 respectively. The principal 
axes ol g- tensors for site I & II are oriented along Cu-0^ in 
each pair of the equivalent sets of the planes which are oriented 
differently. 
On examining the tables (5.1 & 5.2), the two most notable 
differences that stand out are 1) coincidence of direction 
cosines of g- and A-tensors in POMU and noncoincidence in E*OMPH 
and ii) greater difference in some important para»eters, e.g.. g 
z 
and k values for site 1 ( g =2.3248 to 2.3616 and k = 0.32 to 
z 
8-axis (A ) 
Fig.5.10 - Projection on ab-plane of the atonic positions of coordination 
SDheres of copper ion Iving at the center of one of the nearest 
K -K distance of POM :^Cu~ . The oxygen atons 0^  ,0'^ ,0^ & O.Jbelon" to 
oxalate radicals and a l l 0^ atons belono to H^ O oolecules. 
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0.39 ) in the two cases compared to site II (R =2.3306 to 2.3333 
and k = 0.33 to 0.30 ). 
On comparing the two crystals, some other differences e.g., 
A - 136.8xl0~* and 142.bjclO~'* cm"^ in POMH and A = 169.2xl0~'* and 
z z 
173.4x10"'* cm~^ in POMPH. can be explained by the fact that POMH 
and POMPH are chemically similar but not the same. H„On is bigger 
in size and has greater dipole moment than that of H„0. This 
difference is reflected in the dimension of the smallest 
2+ 
rectangle of oxygen ions surrounding the Cu ions in the two 
cases. 
As seen from the fig,(5.10), in the case of POMH, the g 
z 
?+ tensors are directed towards the nearest Cu" -0.. and they may be 
a little affected by the presence of distant oxygen ions from the 
HpO molecules. In the case of POMPH, the tensors are mainly 
influenced by the position of the oxygen ions of the smallest 
rectangle fig.(5.9), but corresponding to each oxygen ion of this 
smallest rectangle, there are two oxygen ions distributed in an 
asymmetrical fashion. In PC*!H. there is more symmetrical 
environment of oxygen ions as compared to POMPH, which may 
account for coincidence of direction cosines of g\41- & A-
tensors in the former and noncoincidence in the latter. 
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f5.5 CONCLUSION 
Following conclusion can be drawn: 
2+ i) Cu ion is found to enter the lattice interstitially at two 
magnetically inequivalent positions. 
ii) The ground state wave functions are constructed for both the 
systems and have been found to be different for two sites. 
iii) The different wave functions, spin-Hauniltonian parameters, 
i.e., g and A principal values and their direction cosines 
are indicating the effect of the presence of UpO„ and HpO in 
PCMPH and POMH crystals respectively or in other words, the 
2+ 
charge distribution around the Cu ion is quite disturbed 
in substituting HgOg for HgO or in going from POMPH to POKH. 
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CHAPTER VI 
EPR AND OPTICAL ABSORPTION STUDIES OF VO'^"' AND Cu^"" IONS DOPED 
IN LiHSO^ SINGLE CRYSTALS 
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G1 INTRODUCTION 
S e v e r a l compounds f l - 4 1 of t h e genora l forau la JWSO..XH„0 
4 c. 
{where M = N 11. Li. Na. K, Rb and Cs, but in no compound M and 
N both represent the some ion and X =0,1,2,3 }have been 
investigated by electron paranagnetic resonance using ions of the 
3d-transition elements as dopants. But in this list, LiHSO. is 
not included. We report here the EPR and optical absorption 
2+ 2+ 
studies of LiHSO. doped with VO" and Cu ions. Some very 
interesting results were obtained. 
6.2 EXPERIMENTAL 
The saturated solution of lithium hydrogen sulphate was 
prepared by mixing molar concentrations of lithium sulphate and 
sulphuric acid. The mother solution was divided into two parts 
2+ 2+ 
and these parts were separately doped by VO and Cu by adding a 
little amount (0.1% by weight) of vanadyl and copper sulphates. 
respectively. Single crystals of lithium hydrogen sulphate doped 
with different impurities were obtained by slow evaporation of 
the solutions at room temperature. 
6.3 CRYSTAL STRUCTURE 
Crystal structure of LiHSO. is not known. Whenever, crystal 
structure information is required. we refer to the crystal 
structure of the analogous compound KLiSO, 15,6] assuming that 
both are alike. In KLiSO-. the SO. radicals are packed in 
*Partial content of this chapter is published in Solid State 
Coiumunications, Vol.94, No.3, pp.231-235 (1995). 
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hexagonal cJoscat packing and K Ions are dispersed in voids and 
the position of Li is not determinable. In LiHSO. also, it is 
2 - + 
conjectured that SO. are arranged in closest packing with H and 
Li occupying voids. There are three kinds of closest packing 
coiunon, i.e. hexagonal closest packing, face centered cubic 
closest packing and body centered cubic closest packing. In the 
first two. there are two tetrahedral and one octahedral void per 
sphere and in the last one, there are six irregular tetrahedral 
and three irregular octahedral voids. LiHSO. possibly belongs to 
4 
one of them. 
6,4 RESULTS AND DISCUSSION 
The results of the EPR and optical absorption studies of 
2+ VO ion doped LiHSO^ will be presented and di^icussed in the 
part I aBd the results of the EPR and optical absorption studies 
2+ 
of Cu ion doped in LiHSO. will be presented in the part II. 
6 40) EPR AND OFTICAL ABSORPTION SPECTRA OF L IHSO. ^VO 
The EPR spectrum of LiHSO.!V0, in general orientation, 
shows sixteen lines divisible into two distinct octets which are 
marked 1 and II in fig.(la). As the crystal structure of LiHSO. 
4 
was not known, a search was made for three suitable axes to 
perform angular variation study. While searching for suitable 
axes, three axes a. b and c were found such that Z.aob=120'^  and 
Zaoc=Zboc=90 . where o is the origin of the coordinate system as 
shown in fig.(6.2). 
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Fig.6.2 - Location of axes in the 
LiHSO, crystal. 
Along a~and b-axes, there were mcucimum spread spectra cind these 
•axinujn spectra were assigned to coBplexes I and II respectively. 
Tlie maximum spread spectrum corresponding to complex I is shown 
in fig-(6.lb). In the central portion, this is superposed by the 
spectrum of complex II. The spectra due to both the complexes at 
an angle mid way between a- and b-axis coincide and consist of an 
eight line pattern shown in fig.(6.3). The eight line pattern of 
hyper fine lines due to both the complexes 1 and II are also 
observed at an angle 30° from b-axis or on negative side a~uxis 
which is greater in spread (fig.6.4-) than that in fig. (6.4). The 
minimum spread spectrum is observed along c-axis due to both the 
complexes ] and II (fig. 6.6). The angular variation study was 
carried out by rotating the crystal about the a, b, c-axes. The 
angular variation plots reveal large anisotropy in hyperfine 
splittings in ab-plane as shown in fig.(6.6). It shows that the 
maximal spread spectra of 1 and II complexes are oriented at 120 
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Fig.6.6 - Anoylar variation plot of conplexes I & II of VO^ ion doped 
in LiHSO, sin^ l^e cn'stal in ab-plane shown by o and o 
respectively. 
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to each other in ab-plane . Z- and X-eixes of complex I are 
oriented at 120" to Z-and X-axes of complex 11 in ab-plane 
respectively cind the Y- axes of both complexes are coincident 
with the c-axis. On performing angrular variation about a-axis, 
the spectrum due to complex II was anisotropic but due to complex 
I it was isotropic. While on performing angular variation about 
b-axis, the anisotropy was observed for the complex 1 and for the 
complex II it was isotropic. The nature of the spectra due to 
both complexes show the tetragonal symmetry. 
2+ EPR spectra of VO complexes can be described in terms of 
the general spin-Hamiltonian of the form of the equation (1.16). 
Spin-Hamiltonian parameters are calculated by using equation 
fl.l9) and from the results of spin-Hamiltonian parameters, it is 
found that both the complexes I and II are magnetically 
equivalent. The calculated spin-Hamiltonian parameters for one of 
the aiaftnetic complexes I are given as follows g.. = 1.921, g -
1.996, A„ - 230.9xl0~^cm~^ and A, = 85.6xl0~^cm~''. The theoretical 
2+ 
resonant field values of the hyperflne lines of VO ion doped in 
LiUSO. single cry.'stal for the maximal spread spectrum of the 
complex 1 are calculated and is compared with the experimental 
field position.^ of hyperflne lines. There is close agreement 
between the calculated and experimental values as shown in table 
(6.J ). 
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TABLE 6.1- Comparison of the exp»eriiBental and theoretical 
resonant field values of the hyperflne lines for the Baxlmal 
2+ 
spread spectruuB of complex I in LiHSO.: VO single crystal. 
transition experiaiental theoretical 
+7/2 >+7/2 
+5/2 > + 5/2 
+3/2 >+3/2 
+1/2 >+l/2 
-1/2 >-l/2 
-3/2 >-3/2 
-5/2 >-5/2 
-7/2 >-7/2 
2678 
2878 
3083 
3289 
3494 
3706 
3911 
4128 
2668 
2870 
3073 
3278 
3485 
3694 
3905 
4118 
Considering the angular variation of the spectra, it seeas 
2+ that LiHSO. is of hexagonal close packed structure and the VO 
ions probably occupy syinmetry related tetrahedral voids which are 
inclined to each other at 120" in the ab-plane. The nature of the 
angular variation of the spectra of the complexes I and II wbcxi 
the crystal is rotated about a and b-axes also supports the 
2+ P+ 
assumption that VO ion occupy tetrahedral voids. VO ion can 
not be taken as spherical particle but is an elongated nolecule 
and hence the synunetry of the spectrum is not three fold but only 
two fold. 
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2+ It is conjectured that the pareusajnietic impurity VO goer. 
into the voids of the structure of LiHSO. crystal. Normal mode of 
?+ 4+ 
incorporation of VO" impurity is that V replaces some divalent 
2-
cation [10] and attracts one oxygen (0 ) from the surroundinc to 
2+ form VO In the present case, there is no divalent cation. It 
•ay replace one oi the monovalent ions by removing another 
monovalent ion for charge compensation, but it has to attract one 
2-
oxygen ion, which in the present case can come only from GO. 
2-
radical. Attracting only one oxygen unsyMuetrically from SO. 
radical does not seem feasible and hence it ceua be concluded that 
in the mother solution used for growing the crystal itself. VO 
existed as such and got incorporated in the voids during the 
crystal formation. 
In optical absorption spectrum, three bands are observed lor 
2+ VO ion doped in LiHSO. single crystal as shown in fig.(6.7). 
The characteristics of the hands are assigned to the d-d 
transitions as given below 18.9.11]; 
Bg^ "^g~~~ ^] ~ 10270 cm'-' (strong intensity) 
^Bgg ''B^^ E^ = 10464 cm"^ (weak intensity) 
2 2 -] 
Bg ^^ic ^i ~ 10857 cm (weak intensity) 
The crystal field parameters are calculated by using the 
equation (2.2). The crystal field parameters come out to be: 
octahedral crystal field parameter (D ) = 1046.8 cm'^ and 
q 
tetragonal crystal field parameters (D^ ) = 1140 37 cm"^ A (D ) -
t 5 
- 1522.71 cin~^  
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I h e EfV< and o p t i c a l d a t a c a n b e c o r r e l a t e d t o o b t a i n t h e 
Fermi c o n t a c t t e r /n (i ) . m o l e c u l a r bond i f iq cocF+ 3 c i e n LE. ((1 , < ^ ) 
and d i p o l a r hyper f^  1 n e c o u p l i r i g c o n s t a n t (F') L 1 2 , 1 3 3 . I h e s t 
p a r a m e t e r s a r e c a l c u l a t e d by usir>Q t h e e q u a t i o n s < 2 . 3 ) . I n s e r t i n g 
t h e e x p e r i m e n t a l v a l u e s of g,, , g , A,, , A , E^ arid E,, i n t h e 
equa t ions (2 .3a . 2 .3b, 2.3c & 2 . 3 d ) . t h e eva lua ted p a r a a e t e r s a r e 
f3^ = 0 . 6 3 , t-'^ -^ 0 .19 , K - 0.84 and P = -154xl0"'* cm'-'-
The va lue of p.. , g ives an i n d i c a t i o n of t h e degree of 
covalency in the br>-orbi ta l . If i t s value i s u n i t y , t h i s o r b i t a l 
2 
is non-bonding fill. In the present case, much deviation of fK' 
(0-63) from unity indicates a large degree of admixture of the 
ligand orbitals. The large value of k (0.84) indicates a large 
contribution to the hyperfine splitting constant by the unpaired 
S - electron. 'Hie value of p is to be compared with that for the 
4+ -4 -1 
free V ion which is p. = -161x10 cm 1141. This implies that 
there is not much charge trainsfer from the oxygen ions to the 
vanadyl iou. 
b.4-(ri) EPR AND OPTICAL ABSORPTION SPECTRA OF L I H S O ^ X U . 
The EPR spectrum of LiHEJO. j Cu ^  is quite unusual and is very 
complex. It extends from near zero field to g ^  2 region. There 
are four lines which are intense anci show lingular variation 
There is one strong line which does not change its position. 
There arc sonic other I i iicr.. pr.)l),thly lour, whiv.h .ir< qu i I n weak 
and erratic in angular variation. Even tlic angular variation of 
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the pattern of four strong lines could not be followed through 
unanbiguosly for Bore than 100°-110 at one stretch in any plane 
due to overlapping of the other four lines. Some typical spectra 
are shown In fig.(6.8). The angular variation behaviour of the 
set of four prominent lines in three mutually perpendicular 
a b-. be and ca - planes are shown in figs (6.9, 6.10 and 6.11) 
resi>ectively (where a = a sinl20 ). 
The average separation among the four prominent lines is so 
big that they can not be taken as the hyperfine components of 
2+ 
usual Cu ion. It may be possible to consider them as the fine 
structure components of a system of total electronic spin S = 2. 
which may be obtained from the super exchange interaction among 
2+ the Cu ions of a cluster containing four ions. Such four ion 
2+ 
clusters of Cu ions connected through super exchange 
interaction have been found by many workers earlier [15-19]. 
2-f 
Optical absorption spectrum of LiHSO-!Cu is also quite 
unusual. Instead of getting the usual absorption signals [2.20] 
in the range 70000 cm~^ to 100000 cm"^ in Cu^ "*^  containing 
crystals, we obtain sharp five peaks at 23520 cm . 25000 cm , 
26660 cm"-^ . 30300 cm"^. and 34480 cro"-^  (fig. 6.12) which shows the 
2+ 
uniqueness of Cu ions combination. 
Due to large complexities associated with the observed 
EPR and optical absorption spectra of LiHSO-.Cu . a complete 
4 
analysis is not possible at the moment. 
2500 
MAGNETIC FIELD (60USS) 
5000 
F i g . 6 . 8 - LPR spect ra of l-iHSO,:Cu^ at various orientat ions 
-4 
illustrating the complex nature of the spectrum. 
o 
o 
o 
ro 
4 0 60 
ANGLE (e*) 
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single crvstal. 
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G5 CONCLUSION 
2+ There are two sites for the 70 Ion with tetragonal 
2 + 
synunetry. The VO ions go into the voids of the structure of 
LIHSO. crystal which are oriented at 120 to each other. The 
2 
value of n^ (0.63) indicates large admixture of the ligand 
2+ 
orbitals. The greater value of K (0.84) for VO ion indicates 
high ionicity in the crystal. In LiHSO-:Cu , in EPR four lines 
2+ 
of Cu ion is observed but they are not usual hyperfine lines. 
So, they may be considered as fine structure components of the 
total olectronic spin S = 2, which may be due to the super 
exchange interaction among the four Cu ion cluster. Dnusual 
optical absorption spectrum is also observed which shows the 
2+ 
uniqueness of Cu' ion combination. 
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